
NASA Conference Publication 2137 

Propulsion 
Controls, 

1979 

Proceedings of a symposium 
held at  Lewis Research Center 

Cleveland, Ohio 
May 17-19, 1979 



TECH LIBRARY KAFB, NM 

00b734@ 
NASA Conference Publicanon a d  

Propulsion 
Controls, 

1979 

Proceedings of a symposium 
held at Lewis Research  Center 

Cleveland, Ohio 
May 17-19,  1979 

National  Aeronautics 
and  Space  Administration 

Scientific and Technical 
Information Office 

1980 





FOREWORD 

In   keeping   wi th   our   miss ion  of r e sea rch  on a e r o n a u t i c a l   p r o p u l s i o n  
systems,   the L e w i s  Research  Center  has  been  engaged i n  s t u d i e s  of 
t h e   c o n t r o l  of h igh-per formance   a i rbrea th ing   tu rb ine   engines  by 
us ing   advanced   mu l t iva r i ab le   con t ro l   t heo ry .  The 1979 Propuls ion 
Controls  Symposium b rough t   t oge the r   t hose   i n t e re s t ed   i n   mu l t iva r -  
i a b l e   e n g i n e   c o n t r o l   t o  review t h e   p r e s e n t  state of t h e  a r t ,  t o  
determine  future  needs  and  problem areas, a n d   t o   e s t a b l i s h   t h e  ap- 
p r o p r i a t e   r o l e s  of Government, i n d u s t r y ,   a n d   u n i v e r s i t i e s  i n  ad- 
dressing  these  problems.  

This symposium f e a t u r e d   p r e s e n t a t i o n s  on engine   cont ro l   des ign  
t h e o r y ,   a p p l i c a t i o n s ,   a n d   r e l a t e d   t o p i c s .   I n   a d d i t i o n ,  a workshop 
s e s s i o n   i n c l u d e d   i n   t h e  symposium a f f o r d e d   e a c h   p a r t i c i p a n t   t h e  
o p p o r t u n i t y   t o   h e l p   r e s o l v e   p e r t i n e n t   r e s e a r c h   q u e s t i o n s   a n d   t o  
d i r e c t   f u t u r e   r e s e a r c h   e f f o r t s   i n   m u l t i v a r i a b l e   e n g i n e   c o n t r o l .  

We hope t h i s  symposium proceedings w i l l  prove  informative  and  use- 
f u l   t o   w o r k e r s   i n   t h e   f i e l d .  

Walter C. Merrill 
Chairman 
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engine.  The SISO t r a n s f e r   f u n c t i o n s  were f o u n d   f o r   a n   i n t e r m e d i a t e   o p e r a t i n g  
poin t   by   us ing  the extended, adjustable-parameter-vector r e c u r s i v e   i d e n t i f i c a -  
t i on   t echn ique .  A four th-order ,   approximate ,   min imal ,   s ta te -space   rea l iza t ion  
w a s  then   ob ta ined   which   accura te ly   models   the  SISO t r a n s f e r   f u n c t i o n s   o f   t h e  
engine.  Thus a m u l t i v a r i a b l e   s t a t e - s p a c e  model of QCSEE w a s  ob ta ined .  
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TABLE I. - DYNAMIC MODES OF QCSEE EXAMPLE - 
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Figure. 1 - Nonrninirnal state-space system with output feedback. 
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Figure 2 - klentified  transfer  functions for QCSEE example  (step 1). 
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Inout: 

figure 5. - fourth-order approximate  realization of QCSEE example transfer  function. 
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Figure 6. - NHlXMV frequency  response. 
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PERFORMANCE-SEEKING CONTROLS 

Kurt  Seldner 
National  Aeronautics  and  Space  Administration 

L e w i s  Research Center 
Cleveland,  Ohio 

INTRODUCTION 

C o n s t a n t l y   i n c r e a s i n g   f u e l   c o s t s   j u s t i f y   t h e   i n v e s t i g a t i o n  of c o n t r o l  
methods to   op t imize   the   per formance   of   a i rc raf t   p ropuls ion   sys tems.  The t a s k  
r e q u i r e s  a method t o  trim e n g i n e   c o n t r o l   v a r i a b l e s   t o   a n  optimum cond i t ion .  
Engine  control   schedules  are usua l ly   deve loped   du r ing   t he   des ign   and   t e s t ing  
s t a g e s .  However, s ince   pe r f ec t   eng ine   con t ro l   ma tch ing  is time consuming  and 
c o s t l y ,   c o n t r o l   s c h e d u l e s  are u s u a l l y  less t h a n   p e r f e c t .  More important  i s  t h e  
fac t   tha t   engine- to-engine  component v a r i a t i o n s  are n o r m a l l y   s u f f i c i e n t   t o  
cause   t he   eng ine   t o   ope ra t e  a t  a nonoptimum c o n d i t i o n .   A l s o ,   d u r i n g   t h e   l i f e  
of the   engine ,  component  and s e n s o r   d e g r a d a t i o n   c a n   r e s u l t   i n  a h i g h e r   f u e l  
consumption to   ma in ta in  a p a r t i c u l a r   e n g i n e   t h r u s t .  

This   paper   descr ibes  a performance-seeking  logic   a lgori thm (PSL) t h a t  op- 
t imizes   t he   pe r fo rmance   o f   p ropu l s ion   sys t ems   fo r  component  and sensor   degra-  
d a t   i o n s .  

PERFORMANCE-SEEKING LOGIC 

The objec t ives   o f   the   per formance-seeking   log ic  (PSL) a lgo r i thm are t o  
monitor  the  performance of the   engine   sys tem  and   to   min imize   th rus t   spec i f ic  
fuel  consumption (TSFC) w h i l e   r e t a i n i n g  a cons t an t   eng ine   ne t   t h rus t .   Eng ine  
cons t r a in t s   such  as surge  margin,   speed,   pressure,   and  temperature   must   be ob- 
served. The PSL a lgo r i thm w a s  a p p l i e d   t o   t h e   q u i e t ,   c l e a n ,   s h o r t - h a u l   e x p e r i -  
mental   engine (QCSEE) ( r e f s .  1 and 2 ) .  This  NASA-funded research  program was 
under taken   to   deve lop   fu ture  STOL engine  technology. The QCSEE propuls ion   sys-  
tem f e a t u r e s  a high-Mach-number i n l e t ,  a va r i ab le -p i t ch   f an ,   and  a v a r i a b l e  ex- 
h a u s t   n o z z l e   ( f i g .  1). A d i g i t a l   e l e c t r o n i c   c o n t r o l l e r  and a hydromechanical 
fue l   sys t em are used  to   implement   required  control   funct ions.  The fou r  QCSEE 
v a r i a b l e s   t o   b e   c o n t r o l l e d  are e n g i n e   p r e s s u r e   r a t i o  (EPR), i n l e t - d u c t  Mach 
number, fan   speed ,   and   compressor   s ta tor   angle .  The funct ion  of   the  hydro-  
mechan ica l   fue l   con t ro l  i s  t o   c o n t r o l  EPR; f an   speed   con t ro l  i s  achieved by 
v a r y i n g   t h e   p i t c h   f a n   a n g l e .  A c o n s t a n t   i n l e t - d u c t  Mach number i s  maintained 
by vary ing   the   exhaus t   nozz le  area i n   o r d e r   t o   r e d u c e   a i r c r a f t   n o i s e   p r o b l e m s .  
The compresso r   co re   s t a to r   ang le  is scheduled by t h e   d i g i t a l   c o n t r o l l e r ,   w h i c h  
a l so   i nco rpora t e s   t he   eng ine   con t ro l  limits. The PSL a lgor i thm  only   modi f ies  
t h e   r e f e r e n c e   s e t - p o i n t   s c h e d u l e s   f o r   t h r e e   o f   t h e   f o u r   e n g i n e   v a r i a b l e s .  
These  include EPR, f an   speed ,   and   i n l e t  Mach number.  The PSL a lgor i thm  does  
no t   a t t empt   t o   mod i fy   t he   compresso r   s t a to r   ang le   s chedu les .  The  hard  engine 
limits are no t   v io l a t ed   and   mus t   be   ma in ta ined   fo r   s a fe   eng ine   ope ra t ion .  
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The PSL a lgo r i thm was a p p l i e d   t o  a real-time d i g i t a l   e n g i n e   s i m u l a t i o n .  I 
F igu re  2 p r e s e n t s  a s i m p l i f i e d   b l o c k   d i a g r a m   o f   t h e   c o n t r o l l e r ,   t h e  PSL algo- \ 
rithm, and  the  engine.  The f u n c t i o n  of th i s   d i ag ram is t o   i l l u s t r a t e   t h e  nom- 
ina l   s e t -po in t   s chedu les   r equ i r ed   t o  set t h e   c o n t r o l   i n p u t   v a r i a b l e s .  The PSL 
a lgor i thm  ( lower   por t ion   o f   f ig ,  2) is a s e c o n d a r y   c o n t r o l l e r   t h a t   o p e r a t e s   i n  
con junc t ion   w i th   t he   no rma l   eng ine   con t ro l l e r .   Spec i f i c   eng ine   ou tpu t   va r i a -  
b l e s   can   be   connec ted   t o   t he  PSL b lock   t ha t   con ta ins   t he   op t imiza t ion   a lgo r f thm 
to   min imize   t h rus t   spec i f i c   fue l   consumpt ion   sub jec t   t o   s e l ec t ed   eng ine  con- 
s t r a i n t s .  The output   in format ion   f rom  the  PSL a l g o r i t h m   r e p r e s e n t s  a change 
from the   nomina l   va lues   fo r   t he   con t ro l   i npu t   va r i ab le s .  The output  of  the PSL 
a l g o r i t h m   m o d i f i e s   t h e   s e t - p o i n t   s c h e d u l e s   t o   r e s t o r e   t h e   p r o p u l s i o n   s y s t e m   t o  
optimum cond i t ion .  The PSL algori thm  performs  system  opt imizat ion  under  
s t e a d y - s t a t e   c o n d i t i o n s .  

PERFORMANCE CRITERION 

The important   considerat ion  in   any  opt imizat ion  problem is  t h e   s e l e c t i o n  
of a per formance   c r i te r ion .  The pe r fo rmance   func t ion   fo r   t he  PSL a lgo r i thm is 

J = Q, ( 1 - m ) 2 + Q 2  TSFCN ( l - zT+Q3 FNNOM (i-&)ZtQ4 NLNOM (l-x)2 NHNOM 

where Q,, Q , Q3, and Q, are we igh t ing   f ac to r s .  The f i r s t  term i d e n t i f i e s  
the   min imizagion   var iab le  TSFC; the  remaining terms are t h e   p e n a l t y   f u n c t i o n s .  
These terms p e n a l i z e   t h e   p e r f o r m a n c e   c r i t e r i o n   f o r   d e v i a t i o n s   f r o m   t h e i r  nomi- 
n a l   v a l u e s .  The  nominal  values are dependent   on  the  engine  operat ing  condi t ion.  
Thus schedul ing of these  nominal   values   must   be  considered  to  make t h e  PSL al- 
go r i thm  e f f ec t ive   ove r   t he   f l i gh t   enve lope .  The p e n a l t y  terms were s e l e c t e d   t o  
cause   the   spec i f ic   engine   var iab les   o f   the   degraded   engine   sys tem  to   re turn   to  
nea r   t he   des ign   va lues .  By a l lowing   the   engine   speeds   to   vary ,  i t  could  be 
p o s s i b l e   t o   g e n e r a t e   a n   i m p r o v e d   v a l u e   f o r  TSFC for   the  degraded  engine  condi-  
t i o n .  A t h r u s t  measurement   must   be  avai lable   for   the PSL algori thm.  For   the 
a c t u a l   e n g i n e   t h e   e n g i n e   p r e s s u r e   r a t i o   o r   e n g i n e   f a n   s p e e d   c a n   b e   u s e d   t o  gen- 
erate a n   e q u i v a l e n t   t h r u s t   v a l u e .  A Kalman es t imator   could  also be   used   for  
t h i s   a p p l i c a t i o n .  The Q f a c t o r s   p r o v i d e  a w e i g h t i n g   c a p a b i l i t y   t o   i n c r e a s e  
t h e   e f f e c t  of a se lec ted   parameter .   For   example ,   the   weight ing   for   ne t   th rus t  
was i n c r e a s e d   i n   r e l a t i o n   t o   o t h e r   w e i g h t i n g   f a c t o r s   t o   a s s u r e  a n e a r l y   c o n s t a n t  
n e t   t h r u s t .  

OPTIMIZATION TECHNIQUES 

S e v e r a l   o p t i m i z a t i o n   a l g o r i t h m s   ( r e f s .  3 t o  8) were cons ide red   t o   de t e r -  
mine a method t h a t  was b e s t   s u i t e d   f o r   t h e  PSL algori thm. The requirement w a s  
t h a t   t h e   r o u t i n e   b e   e f f i c i e n t ,   a c c u r a t e ,  and i n s e n s i t i v e   t o   i n i t i a l   c o n d i t i o n s .  
The t e s t e d  methods are as fol lows:  

(1) Fletcher-Reeves - problems  encountered   due   to   cons t ra in ts  
( 2 )  Hooke-Jeeves - d i d   n o t   y i e l d  minimum v a l u e   f o r  a l l  cases 
(3)  Powell - e f f i c i e n t  method;  no  problems  encountered 
( 4 )  Zangwill-Powell - e f f i c i e n t  method;  no  problems  encountered 

The var ious   methods   de te rmine   the   uncons t ra ined  minimum of   mul t ivar iab le   func-  
t i o n s .  The  methods r e q u i r e  a unimodal   type   o f   func t ion ;   o therwise   severa l   in i -  

12 



t i a l  s t a r t i n g  values mus t   be   cons ide red   t o   a s su re  a t r u e  minimum p o i n t .  The 
well-known  Fletcher-Reeves  method is  a conjugate   g rad ien t   method  tha t   requi res  
c a l c u l a t i o n  of g r a d i e n t s .  Some d i f f i c u l t i e s   w i t h   t h i s  method were encountered 
because  of   the  hard  engine  constraints .  The rout ing   has  a tendency   to  become 
los t   du r ing   t he   s ea rch   p rocess .  The Hooke-Jeeves,  Powell,  and  Zangwill-Powell 
optimization  methods are s e a r c h   r o u t i n e s   t h a t  do n o t   r e q u i r e   c a l c u l a t i o n   o f   t h e  
g r a d i e n t s .  The Hooke-Jeeves w a s  disregarded  s ince  convergence  and  the minimum 
va lue  were n o t   a c h i e v e d   f o r  a l l  test cases. 

The Powell  and  Zangwill-Powell  methods are e s s e n t i a l l y  similar and  genera- 
t e d   t h e  minimum v a l u e s   f o r   t h e   v a r i o u s  test condi tons.  The methods  converged 
rap id ly   and  were i n s e n s i t i v e   t o   i n i t i a l   c o n d i t i o n s .  The Zangwill-Powell  method 
w a s  s e l e c t e d   s i n c e  i t  r e f l e c t s  a departure   f rom  the  or iginal   Powell   method i n  
t h a t  i t  tests fo r   l i nea r   dependence   o f   t he   con juga te   d i r ec t ion   vec to r .   Th i s  
test a s s u r e s   t h a t  a t r u e  minimum v a l u e  w i l l  be  achieved. 

APPLICATION 

The e f f e c t i v e n e s s  of t h e  PSL a lgo r i thm w a s  evaluated as shown i n   f i g u r e  3. 
A s  m e n t i o n e d   p r e v i o u s l y   t h e   d i g i t a l   s i m u l a t i o n  of t h e  QCSEE engine w a s  u sed   t o  
perform  the  evaluat ion  phase.  An engine component w a s  degraded  from i ts  nomi- 
n a l   c o n d i t i o n   w i t h  a r e s u l t a n t   l o s s   i n   t h r u s t .   F o r  example, t h e   e f f i c i e n c y   o f  
t h e  low-power turbine  could  be  reduced by seve ra l   pe rcen tage   po in t s .   Thrus t  
w a s  t h e n   r e s t o r e d  by  two d i f fe ren t   methods .  A bas is   for   compar ison   ( re ference)  
w a s  t hen   e s t ab l i shed  by a manual  method i n  which t h e   t h r o t t l e  was v a r i e d   u n t i l  
t h e   n e t   t h r u s t  w a s  fu l ly   r e s to red   t o   t he   nomina l   va lue   o f   t he   nondegraded  en- 
g ine .  The fan  and  compressor  speeds were scheduled   by   the   th ro t t le   and  were 
not   cons t ra ined .   Fur thermore   the   engine   cont ro l  limits were e f f e c t i v e   f o r   t h i s  
process.  The t h r u s t   s p e c i f i c   f u e l   c o n s u m p t i o n  (TSFC) w a s  computed. To evalu- 
a te  t h e  PSL a lgor i thm,   the   s imula t ion  w a s  re turned   to   nominal   and   the  PSL al-  
gorithm w a s  a c t i v a t e d .  The component degradat ion w a s  i n se r t ed ,   and   t he  PSL al- 
gori thm  reopt imized  the TSFC a n d   r e s t o r e d   t h r u s t   t o  i t s  nominal  value.   For 
t h i s  case the  engine  speeds were cons t r a ined   t o   t he i r   nomina l   va lues  a t  t h e  
s t e a d y - s t a t e   c o n d i t i o n .  The  two va lues  of TSFC were compared. 

The r e s u l t s   f o r   s e v e r a l   e n g i n e  component degradat ions are shown i n   t a b l e  I. 
Typ ica l   deg rada t ions   i nc lude   l o s s   o f   e f f i c i ency  and  power r equ i r emen t s   fo r   t he  
engine  components.  With  the  manual  procedure  used as t h e   r e f e r e n c e ,  cases B ,  
C, E,  and H d i d   n o t   e x h i b i t   a n  improvement f o r   t h e  PSL algorithm.  The  nota- 
t i o n s  11 and P d e s i g n a t e  a change i n   e f f i c i e n c y  and  power requirement.   For 
t h e s e   m a l f u n c t i o n s   t h e   p i l o t   c a n   r e s t o r e   t h e   l o s s  of t h r u s t   a n d   o b t a i n  compar- 
ab le   va lues   o f  TSFC. For real eng ine   ope ra t ion   t he   change   i n  component e f f i -  
c i enc ie s   and  power requirements is a g radua l ,   l ong- t e rm  e f f ec t   t ha t  w i l l  b e  
c o n t i n u a l l y   c o r r e c t e d  by t h e  PSL algori thm. The l a r g e   p e r t u r b a t i o n s  were 
chosen   to   accentua te   the   p rocess   and  so t h a t  w e  cou ld   obse rve   t he   e f f ec t iveness  
of t h e  "smart" log ic .   Fo r   excess ive ly   l a rge   va r i a t ions   t he   a lgo r i thm  migh t   no t  
c o r r e c t   f o r   t h e   d e f i c i e n c i e s   u n l e s s   c e r t a i n   c o n s t r a i n t s   c a n   b e   r e l a x e d .  

The r e s u l t s   o b t a i n e d   f o r   c o n d i t i o n s  A, D, F,  and G i n d i c a t e   t h a t   t h e  
PSL a lgo r i thm w a s  ab le   to   op t imize   and   genera te   an   improved  TSFC o v e r   t h a t  gen- 
e r a t e d  by t h e  manual  method.  For  example, a lower low-pressure-turbine'effi- 

13 



c i e n c y   r e s u l t e d   i n  
quirement  caused a 

a 1 .8-percent   h igher   va lue   for  TSFC; a h i g h e r   f a n  power re- 
1.6-percent  higher  value  of TSFC. S i m i l a r l y  a combination 

of d e f i c i e n c i e s  (i. e., A-B , A-D) provided a h ighe r   va lue   o f  TSFC f o r   t h e  manual 
t h r o t t l e  change.  These lat ter cases imply   t ha t   t he   s chedu l ing   o f   t he   con t ro l  
i n p u t   v a r i a b l e s   f o r   t h e   r e g i o n   m i g h t   n o t   b e  optimum  and  thus  that  a h i g h e r   f u e l  
f l ow  wou ld   be   r equ i r ed   t o   r e s to re   t he   nomina l   t h rus t .  An i n t e r e s t i n g  test w a s  
case I, w h e r e   t h e   t h r u s t   c o u l d   n o t   b e   f u l l y   r e s t o r e d   t o   t h e   n o m i n a l   v a l u e .   F o r  
t h e  manual   case   th rus t  w a s  r e s t o r e d   t o   w i t h i n   2 . 5   p e r c e n t  of  nominal;  the PSL 
algori thm w a s  a b l e   t o   r e t u r n   t h e   t h r u s t   t o   w i t h i n  0.8 percent  of  nominal.  These 
r e s u l t s   i n d i c a t e   t h a t   i f  some e n g i n e   c o n s t r a i n t s  were re l axed  and  speeds  allowed 
t o   s e e k  a new va lue ,  improved r e su l t s   migh t   be   ob ta ined   fo r   t he  PSL algori thm. 

Although a l i m i t e d  number of t es t  c o n d i t i o n s  were demonstrated,  i t  can  be 
deduced   tha t   the  PSL a lgor i thm  can  do as w e l l  o r   b e t t e r   t h a n   t h e  manual   control .  
S ince   deg rada t ion   e f f ec t s  are minimal,  accruable,  and  long term, i t  i s  ev iden t  
t ha t   t he   added   s econdary   con t ro l l e r  serves a use fu l   pu rpose   i n   ma in ta in ing   op t i -  
mum sys tem  per formance   and   in   re l iev ing   the   p i lo t   o f   an   added   burden .  

CONCLUSIONS 

The o b j e c t i v e   o f   t h e  PSL a lgo r i thm i s  to   op t imize   the   per formance   of   the  
propulsion  system a t  a s t e a d y - s t a t e   c o n d i t i o n .  The  major  function is to  modify 
t h e   e n g i n e   c o n t r o l   s e t - p o i n t   s c h e d u l e s   f o r  component d e g r a d a t i o n s   i n   o r d e r   t o  
r e s t o r e   t h e   n o m i n a l   n e t   t h r u s t .  The r e s u l t s  o f   t h e   s t u d y   i n d i c a t e   t h a t   t h i s  
task   can   be   ach ieved   wi th   the  PSL a lgor i thm.   Convergence   to   the  optimum v a l u e  
can   be   ob ta ined   wi th in  60 t o  90  seconds,  which  makes  the  program  acceptable fo r  
on - l ine   ope ra t ion   w i th   p re sen t  s ta te  of t h e  a r t  minicomputers. 

Several   0pt imizat io .n   procedures  were eva lua ted ;   however , .   d i f f i cu l t i e s  were 
experienced  with  the  Fletcher-Reeves  and  Hooke-Jeeves  methods.   These  problems 
are a t t r i b u t a b l e   t o   t h e   h a r d   e n g i n e  limits. The s e l e c t e d  method w a s  t h e  
Zangwil l -Powell   technique,   which  offered  rapid  and  accurate   convergence.  The 
tests i n d i c a t e   t h a t   i n  most   cases   the PSL a l g o r i t h m   o f f e r s  some improvement i n  
t h r u s t   s p e c i f i c   f u e l   c o n s u m p t i o n   o v e r   t h e   m a n u a l   t h r o t t l e .  
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TABLE I. - RESULTS OF ENGINE COMPONENT DEGRADATION 

[Thro t t l e  was a d j u s t e d   f o r   c o n s t a n t   t h r u s t   a t  
s teady-s ta te   condi t ion . ]  

:ase E f f e c t  

A 

Cases A, B, C, and E: H 
Cases A and D G 
Cases A and B F 
Accessory  equipment, AP * 100 percen t  E 
Fan  power, AP = 10 pe rcen t  D 
Compressor  power, AP = 10 percen t  C 
High-pressure   tu rb ine ,  Aq = -10 pe rcen t  B 
Low-pressure  turbine,  An = -10 pe rcen t  

A and B, L!q = -5 p e r c e n t  
C ,  AP = 5 pe rcen t  
E, AP = 100 percen t  

A and B,  An = -10 pe rcen t  
C,  AP = 5 pe rcen t  
E, AP = 100 percen t  

I Cases A, B,  C ,  and E: 

%ominal   values   of   thrust   could  not   be  achievec i .  

~~ 

Fuel flow - TSFC 
(PSL improvement 
o v e r   t h r o t t l e ) ,  

pe rcen t  
~~ 

1.8 
No change 
No change 

1 . 6  
No change 

. 6  
4.1 

No change 

( a )  
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Figure 1. - QCSEE UTW engine. 
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Figure 2 - Block  diagram  of  performance-seeking  logic  algorithm  applied to QCSEE. 
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APPLICATIONS OF MULTIVARIABLE CONTROL TO ADVANCED 

AIRCRAFT  TURBINE  ENGINES 

S. M. Rock and R. L. D e  Hoff 
Systems  Control,  Inc.  (Vt.) 

Pa lo   A l to ,   Ca l i fo rn ia  

ABSTRACT 

Ai rc ra f t   t u rb ine   eng ine   p ropu l s ion   con t ro l   sys t ems   have   been   t he   focus   o f  
ex tens ive   deve lopment   in   recent   years .   Improvements   in  a l l  types   o f   engine  
components  have  been r e e l i z e d  by opt imiza t ion  of materials and   conf igura t ion .  
A l so ,   t he   add i t ion   o f   va r i ab le   i n t e rna l   geomet ry   has   p rov ided   t he   po ten t i a l   fo r  
improved   response   capabi l i ty   wi thout   sacr i f ic ing   e f f ic iency   or   per formance .  The 
p e n a l t y   f o r   t h i s  improved  performance  potential,  however, i s  a s i g n i f i c a n t   i n -  
crease in   eng ine   complex i ty   ( add i t iona l   ac tua to r s ,   s enso r s ,   e t c . ) .  The subse- 
quent   control   problem  of   maintaining s t r ic t  t rans ien t   and   s teady-s ta te   per form-  
a n c e   s p e c i f i c a t i o n s   t h u s   a l s o  becomes  more  complex, f o r c i n g   a t t e n t i o n   t o  more 
a c c u r a t e ,   r e l i a b l e ,   a n d  versa t i le  cont ro l le r   implementa t ions .  The evolu t ion   of  
s u c h   d i g i t a l   m u l t i v a r i a b l e   c o n t r o 1 , s t r u c t u r e s   f r o m   t h e  FlOO program t o   t h e  on- 
going GE JTDE-23 variable-cycle  engine  program  and  beyond were presented .  

The FlOO program w a s  b r i e f ly   r ev iewed .   Th i s   p rog ram  cu lmina ted   i n   t he  
f i r s t   s u c c e s s f u l  test c e l l  demonstration  of a d i g i t a l l y  implemented  multivaria- 
b l e   c o n t r o l l e r  on   an   advanced   tu rbofan   engine .   The   s t ruc ture   o f   the   cont ro l le r  
employed w a s  modular.  That is, func t iona l   l og ic   e l emen t s  were implemented as 
independent   blocks o f  computer  code. A feedforward component  of c o n t r o l  w a s  
provided by a t r a n s i t i o n  model t h a t  computed cons t an t  ra te  t r a j e c t o r i e s   ( s t a t e  
and   cont ro l )   be tween  the   cur ren t   opera t ing   po in t   and   tha t   reques ted  by a 
reference-value  generator .   Dis turbances  and  model ing  errors  were accommodated 
by a s t a t e - v a r i a b l e   r e g u l a t o r   t h a t   i n c o r p o r a t e d   i n t e g r a l  t r i m  on c r i t i c a l  var- 
i a b l e s .  

A second-generat ion  control ler   being  developed  for   theGEJTDE-23  var iable-  
cyc le   engine  w a s  nex t   d i scussed .  It i s  a n   e x t e n s i o n   o f   t h e   c o n t r o l l e r   u s e d   o n  
t h e  F100. The modularity  concept  has  been  preserved,  but  improvements  havebeen 
made in   each   func t iona l   l og ic   e l emen t .   Var ious  modes of  operation  have  been 
i n c l u d e d   i n   t h e   r e f e r e n c e - v a l u e   g e n e r a t o r .  Thus the   eng ine   can   be  trimmed f o r  
maximum s t a b i l i t y ,  maximum t h r u s t   r e s p o n s e ,  minimum t h r u s t   s p e c i f i c   f u e l  con- 
sumption, etc.  The t r a n s i t i o n  model  has  also  been  improved.  Rather  than con- 
s t a n t  rate t r a j ec to r i e s ,   app rox ima te   op t ima l  time p a t h s  are employed. To re- 
d u c e   t h e   s e n s i t i v i t y   o f   t h e   c o n t r o l l e r   t o   d i s t u r b a n c e s   a n d   m o d e l i n g   e r r o r s ,   t h e  
r e g u l a t o r  is o u t p u t   f e e d b a c k   ( e l i m i n a t i n g   t h e   n e e d   f o r   i n t e g r a l   t r i m ) .  A h igh  
degree of f a u l t   t o l e r a n c e   h a s   b e e n   i n c o r p o r a t e d   i n   t h e   c o n t r o l l e r   o p e r a t i o n .  
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F i n a l l y ,   n e a r - t e r n   a c h i e v a b l e   a d v a n c e s   i n   t h e   a p p l i c a t i o n   o f   m u l t i v a r i a b l e  
con t ro l   t o   advanced  a i rcraf t  engines  were reviewed. Areas be ing   i nves t iga t ed  
include  improvements i n   f a u l t   t o l e r a n c e   a n d   r e l i a b i l i t y   a n d   t h e   i n t e g r a t i o n   o f  
a d v a n c e d   c o m p u t e r   a r c h i t e c t u r e s   i n t o   t h e   c o n t r o l l e r   d e s i g n .   O t h e r a r e a s   i n c l u d e  
t h e   e x t e n s i o n  of t h e   c o n t r o l l e r   t o   t h e   s y s t e m s l e v e l t h r o u g h   p r o p u l s i o n - a i r f r a m e  
in tegra t ion   and   in le t -augmentor -a i r f rame  in tegra t ion .  
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FlOO MULTIVARIABLE CONTROL SYNTHESIS PROGRAM: A REVIEM OF 

FULL-SCALE ENGINE ALTITUDE  TESTS 

Bruce  Lehtinen  and James F. Soeder 
National  Aeronautics  and  Space  Administration 

L e w i s  Research  Center 
Cleveland,  Ohio 

SUMMARY 

The F l O O  Mul t iva r i ab le   Con t ro l   Syn thes i s  @WCS) program w a s  conducted t o  
demonst ra te   the   benef i t s   o f   l inear   quadra t ic   regula tor   synthes is   methods   in  de- 
s ign ing  a mul t ivar iab le   engine   cont ro l   capable   o f   opera t ing   an   engine   th roughout  
i ts  f l i g h t   e n v e l o p e .  The program,  joint ly   sponsored by t h e  A i r  Force Aero  Pro- 
puls ion  Laboratory  and  the NASA L e w i s  Research  Center,  encompassed  the  design, 
real-time hybr id   computer   eva lua t ion   and   fu l l - sca le   engine   t es t ing   o f  a m u l t i -  
v a r i a b l e   c o n t r o l   f o r   a n  FlOO engine. 

This p a p e r  r ev iews   t he   en t i r e  MVCS program,  with  par t icular   emphasis   on 
engine tests conduc ted   i n   t he  NASA L e w i s  Propuls ion  Systems  Laboratory  a l t i tude 
f a c i l i t y .  The m u l t i v a r i a b l e   c o n t r o l   h a s   b a s i c a l l y  a p ropor t iona l -p lus - in t eg ra l ,  
model-fol lowing  s t ructure   with  gains   scheduled as  f u n c t i o n s  of f l i g h t   c o n d i t i o n .  
The m u l t i v a r i a b l e   c o n t r o l   l o g i c   d e s i g n  i s  desc r ibed ,   a long   w i th  COntTOl  compu- 
ter implementat ion  aspects .  

A l t i t u d e  tests demons t r a t ed   t ha t   t he   mu l t iva r i ab le   con t ro l   l og ic   cou ld  con- 
t ro l   an   engine   over  a wide  range  of test c o n d i t i o n s .   R e p r e s e n t a t i v e   t r a n s i e n t  
responses are presented   to   demonst ra te   engine   behavior   and   the   func t ion ing   of  
t h e   c o n t r o l   l o g i c .  

INTRODUCTION 

The FlOO Mul t iva r i ab le   Con t ro l   Syn thes i s  (MVCS) program was j o i n t l y   i n i -  
t i a t e d  by t h e  A i r  Force  Aero  Propulsion  Laboratory (AFAPL) and  the NASA L e w i s  
Research  Center. Its o b j e c t i v e  w a s  to   demonst ra te  the b e n e f i t s  of u s i n g   l i n e a r  
q u a d r a t i c   r e g u l a t o r  (LQR) syn thes i s   t echn iques   i n   t he   des ign   o f  a m u l t i v a r i a b l e  
con t ro l   sys t em  fo r   ope ra t ing  a turbofan  engine  throughout  i ts  f l i gh t   enve lope .  

The program was d i v i d e d   i n t o   t h r e e   p h a s e s .  The goal  of  phase 1 w a s  t o  de- 
s i g n   t h e   c o n t r o l   l o g i c   b a s e d  on a set of   l inear   operat ing-point   models   and  to  
e v a l u a t e   t h e   c o n t r o l  on a d i g i t a l  FlOO engine  s imulat ion.   Systems  Control ,   Inc.  
(Vt.)  (SCI)  and P r a t t  & Whitney A i r c r a f t  Group,  Government Products   Divis ion 
(P6W  GPD) were c o n t r a c t e d  by t h e  A i r  Force   to   conduct   th i s   phase .  P&W GPD gen- 
e ra ted   the   requi red   l inear   models   and   def ined  a set of c o n t r o l  cr i ter ia  upon 
which  the LQR des ign   could   be   based .   SCI ' s   t ask  w a s  t o   p r o d u c e   t h e   a c t u a l  mul- 
t i v a r i a b l e   c o n t r o l  (MVC) des ign   and   to   eva lua te  i t  on a d i g i t a l  F l O O  s imu la t ion  
provided by P&W GPD. The goal   of   phase 2 w a s  t o   e v a l u a t e   t h e   c o n t r o l  by  pro- 

21 



gramming it on a cont ro l   computer   and   cont ro l l ing  a real-time FlOO hybr id  simu- 
l a t i o n .  It w a s  NASA L e w i s '  r e spons ib i l i t y   t o   p rog ram  the   hybr id   s imu la t ion   f a -  
c i l i t y .  Assuming successful   complet ion  of   phases  1 and 2, t h e   g o a l  of phase 3 
was to   demons t r a t e   t he   mu l t iva r i ab le   con t ro l   o f   an  FlOO e n g i n e   i n   t h e  NASALewis 
Propulsion  Systems  Laboratory (PSL) a l t i t u d e   f a c i l i t y .  

A l l  three  phases   have now been  successful ly   completed.  The r e s u l t s   o f  
phases 1 and 2 have  been  documented i n   r e f e r e n c e s  1 t o  8. This   paper   descr ibes  
t h e   r e s u l t s  of the   phase-3   engine   a l t i tude  tests conducted by NASA L e w i s .  

FlOO MULTIVARIABLE CONTROL L O G I C  DESIGN 

The P r a t t  & Whitney F100-PW-100 eng ine   u sed   i n   t he  FlOO MVCS program is  
shown i n   f i g u r e  1. It has f ive  cont ro l led   var iab les :   main-burner   fue l   f low,  
va r i ab le -a rea   exhaus t   nozz le ,   va r i ab le   f an - in l e t   gu ide   vanes ,   va r i ab le  compres- 
sor  geometry,  and  compressor exit bleed.  Although i t  i s  n o t  as m u l t i v a r i a b l e  
as var iab le-cyc le   engines  now under  development,  the FlOO e x h i b i t s   s u f f i c i e n t  
con t ro l   complex i ty   t o  test  LQR theory .   S ince   bo th   d ig i ta l   and  real-time hybrid 
FlOO s imula t ions   ex i s t   and   an   eng ine  was a v a i l a b l e   f o r   a l t i t u d e   t e s t i n g ,   t h e  
FlOO w a s  s e l e c t e d   f o r   u s e   i n   t h e  MVCS program. 

I n   a d d i t i o n   t o  a system  dynamic  model i t  was necessary   to   have  a set of 
c o n t r o l   c r i t e r i a  upon  which t o   b a s e   a n  LQR design.  The cr i ter ia  f o r   t h e  FlOO 
engine were formulated by P&W  GPD ( r e f .  1) and  can  be  summarized as fol lows:  
P r imar i ly ,   t he   con t ro l   mus t   p ro t ec t   t he   eng ine   aga ins t   su rge   and   keep   t he  en- 
gine  f rom  exceeding  speed,   pressure,   or   temperature  limits. Airframe-engine- 
i n l e t   c o m p a t i b i l i t y   c o n s i d e r a t i o n s   r e q u i r e   t h a t  minimum burne r   p re s su re  limits 
be accommodated  and t h a t  maximum and minimum a i r f low  requi rements   be   adhered   to  
a t  c e r t a i n   f l i g h t   c o n d i t i o n s .  The con t ro l   mus t   i n su re   t ha t   eng ine   t h rus t   and  
fuel  consumption are w i t h i n   t o l e r a n c e   f o r   s p e c i f i e d   e n g i n e   d e g r a d a t i o n s - a n d   f o r  
i n s t a l l a t i o n   e f f e c t s .  It is  i m p o r t a n t   t h a t   t h e   c o n t r o l   a c c e l e r a t e   t h e   e n g i n e  
sa fe ly ,   r ap id ly   and   r epea tab ly   w i th  small o v e r s h o o t s   i n   r e s p o n s e   t o   b o t h   l a r g e  
and small power l e v e l   a n g l e   i n p u t s .   F i n a l l y ,  i t  must   control   the   engine  accur-  
a t e ly   du r ing   f l i gh t   maneuver s  and  accommodate d i s tu rbances   such  as a f t e r b u r n e r  
l i g h t s .  

These  controls  c r i te r ia  were t r a n s l a t e d  by  SCI in to   quadra t ic   per formance  
i n d e x   s p e c i f i c a t i o n s   f o r   u s e   i n   t h e  LQR des ign   process .  The d e t a i l s   o f   t h e  de- 
s i g n  are c o n t a i n e d   i n   r e f e r e n c e  2 .  The des ign   p rocess   and   t he   r e su l t i ng   mu l t i -  
v a r i a b l e   c o n t r o l   s t r u c t u r e  w i l l  be   b re i f ly   rev iewed  here .   L inear   s ta te -var iab le  
engine  models were genera ted   f rom  the  P&W d i g i t a l   s i m u l a t i o n  a t  a l a r g e  number 
of f l i g h t   p o i n t s   a n d  power condi t ions   th roughout   the   f l igh t   enve lope .  The  en- 
g ine   models '   s t ruc tures  were inves t iga t ed   and   u sed   t o   ob ta in   r educed   f i f t h -o rde r  
l inear   models .  Each l i n e a r  model i s  d e s c r i b e d   i n  terms of i t s  c o n t r o l ,  s ta te ,  
and   ou tput   vec tors .  The va r i ab le s   u sed  by t h e  MVC are shown i n   f i g u r e  1. 

Af te rbu rne r   fue l   f l ow w a s  s p e c i f i c a l l y   n o t   c o n s i d e r e d   f o r   c o n t r o l  by t h e  
MVC; bu t   compressor   b leed ,   no t   cont ro l led  by t h e   c u r r e n t  FlOO c o n t r o l ,  w a s  used 
as an MVC c o n t r o l   i n p u t .  The output   vec tor  shown c o n s i s t s   o f   t h e   v a r i a b l e s   t h a t  
t h e   f i v e   c o n t r o l   i n p u t s   r e g u l a t e   t o   e s t a b l i s h   t h e   s t e a d y - s t a t e   e n g i n e   o p e r a t i n g  
p o i n t .  
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Using t h i s   s t a t e - v a r i a b l e  model d e s c r i p t i o n ,  SCI designed  what is  bas i -  
c a l l y  a p ropor t iona l -p lus - in t eg ra l ,   mode l - fo l lowing   con t ro l   hav ing   ga inmat r i ces  
scheduled as f u n c t i o n s   o f   f l i g h t   c o n d i t i o n s .   F i g u r e 2   s h o w s t h e   s t r u c t u r e   o f   t h e  
r e s u l t i n g  MVC design.  The reference-point   schedules  are based   on   the   cont ro l  
schedules  used by t h e   c u r r e n t  FlOO c o n t r o l .  They p roduce   r e fe rence   va lues   fo r  
states, ou tpu t s ,   and   con t ro l s  as func t ions   o f  power l e v e l   a n g l e  (PLA) and   the  
ambient   var iab les  PO, PT2, and TT2. The t rans i t ion   cont ro l   p roduces   smooth ,  
r a t e - l i m i t e d   t r a n s i t i o n   v a l u e s  xs, ys,  and u between  desired  reference val- 
ues  so  t h a t   e x c e s s i v e   c o n t r o l   e r r o r   b u i l d u p  is prevented. The rates are func- 
t ions   o f   engine   face   dens i ty   and  power level. The reference-point   schedules  
and   t r ans i t i on   con t ro l   compr i se   e s sen t i a l ly   t he  "model" that   themodel-fol lowing 
cont ro l   fo l lows .  

S 

There are three   pa ths   th rough  the   cont ro l :   the   feedforward   us ,   the   p ro-  
po r t iona l   pa th   t h rough   t he  LQR ga ins ,   and   t he   i n t eg ra l   con t ro l   pa th   t h rough   t he  
i n t e g r a l   g a i n s .  The LQR ga in   ma t r ix  w a s  designed by us ing   s tandard  LQR design 
techniques.  The LQR ga ins   r educe   t he   dev ia t ion   be tween   t he   f i ve   eng ine  states 
and the i r   scheduled   va lues   and   thus  a l t e r  eng ine   t r ans i en t   r e sponse .  The in- 
t e g r a l   g a i n   m a t r i x  w a s  designed by using a combination  of LQR and  decoupled 
pole-placement  techniques. The i n t e g r a l  trims s e r v e   t o   d r i v e   t h e   e r r o r s  be- 
tween f i v e   s e l e c t e d   o u t p u t s   a n d   t h e i r   r e s p e c t i v e   r e f e r e n c e   v a l u e s   t o   z e r o   i n t h e  
s t eady  state. S e l e c t i o n   o f   t h e   o u t p u t s   t o   b e  trimmed i s  performed  by  the  engine 
p ro tec t   l og ic   and  i s  desc r ibed  la ter .  Con t r ibu t ions   f rom  the   t h ree   con t ro l  
pa ths  are  f i n a l l y  summed to   p roduce   t he   f i ve   con t ro l l e r   ou tpu t s .   Because   o f  
eng ine   non l inea r i ty ,   bo th  LQR and i n t e g r a l   g a i n   m a t r i c e s  were scheduled as a 
function  of  engine  face  density  and  scheduled  compressor  speed N2,. 

The e n g i n e   p r o t e c t   l o g i c   c o n t a i n s   s c h e d u l e s   t h a t   p l a c e   a b s o l u t e  limits on 
commanded c o n t r o l   v a r i a b l e s   t o   a s s u r e   s a f e   e n g i n e   o p e r a t i o n   i n   t h e  tes t  c e l l  
should a s e n s o r   o r   l o g i c   f a i l u r e   o c c u r .   A l s o ,   i f   a n   a c t u a t o r   s a t u r a t e s ,   t h e  
log ic   c lamps   the   assoc ia ted   in tegra tor   and   e l imina tes   one  column  from the   i n -  
t e g r a l   g a i n   m a t r i x   t o  accommodate t h e   l o s s   i n   d e g r e e s  of control   f reedom. 

The s e n s o r   f o r   t h e   f a n   t u r b i n e   i n l e t   t e m p e r a t u r e  (FTIT) i s  slow.  Figure 2 
shows an FTIT es t ima to r   b lock   t ha t  w a s  designed  to  produce  an estimate o f   t he  
t r u e  FTIT and   thus   compensa te   for   the   sensor   l ag .  The  FTIT estimate i s  an en- 
g i n e   p r o t e c t i o n   p a r a m e t e r   t h a t  is used   to  l i m i t  f ue l   f l ow a t  i n t e r m e d i a t e  power 
(PLA = 83'). 

Prope r   s t eady- s t a t e   eng ine   ope ra t ion  is  obta ined   th rough  the   ac t ion   of   the  
i n t e g r a l  trims. Fan-discharge AP/P ( f an   d i scha rge  Mach number parameter) i s  
trimmed t o  i t s  s c h e d u l e   t o  set the   f an   ope ra t ing   po in t .   A l so ,  rear compressor 
va r i ab le   vanes  (RCW) and   compressor   in le t   var iab le   vanes  ( C I W )  are trimmed t o  
be on t h e i r   s c h e d u l e s ,   a n d   t h e   b l e e d   i n t e g r a t o r   a d j u s t s   t o   c l o s e   t h e   b l e e d   i n  
s teady state. The o t h e r   f o u r  columns are only  used  one a t  a t i m e ,  depending  on 
f l i g h t   c o n d i t i o n   a n d  power leve l .   Usual ly ,   fan   speed  is trimmed t o  i t s  sche- 
dule.  However, i f  a maximum o r  minimum burne r   p re s su re  is  reached,  fan  speed 
is al lowed  to  go of f   schedule ,   and   the  limit is accommodated by s w i t c h i n g   i n  
t h e   a p p r o p r i a t e  column. I f   a n  FTIT l i m i t  i s  reached ,   the  FTIT column is 
s w i t c h e d   i n   t o   a l l o w   t h e   i n t e g r a t o r   t o   t r i m   f u e l   f l o w   a n d  area i n  o r d e r   t o  ac- 
commodate t h e  l i m i t .  A n  FTIT l i m i t  t a k e s   p r i o r i t y   o v e r  a b u r n e r p r e s s u r e l i m i t .  
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SYSTEM  CONFIGURATION  FOR  ALTITUDE  TESTS 

A l t i t u d e   t e s t i n g  of t h e  FlOO m u l t i v a r i a b l e   c o n t r o l   l o g i c  w a s  performed i n  
t h e  NASA L e w i s  PSL a l t i t u d e   f a c i l i t y .   F i g u r e  3 shows a system  diagram  descr ib-  
i n g   t h e  test se tup .  FlOO engine XDll-8 was l o c a t e d  i n  t h e  PSL, b u t   t h e  SEL810B 
con t ro l   compute r   had   t o   be   s t a t ioned  some 1000 feet away i n   t h e   h y b r i d  computa- 
t i o n   c e n t e r .  A r e m o t e   i n t e r f a c e   u n i t ,   l o c a t e d   i n   t h e  PSL c o n t r o l  room, r ece ived  
f ive  c o n t r o l  command s i g n a l s   f r o m   t h e  SEL a n d   s e n t  24 sensed  engine  and  ambient 
v a r i a b l e s   t o   t h e  SEL. A l l  s i g n a l s  were z e r o   t o   1 0   v o l t s   a n d  were t r a n s m i t t e d  
ove r   tw i s t ed -pa i r   l i nes   w i th   ana log - to -d ig i t a l   and   d ig i t a l - to -ana log   conve r s ion  
performed a t  t h e  computer  end. 

F ive   r e sea rch   ac tua to r s   hav ing  e lec t r ica l  i n p u t s   h a d   t o   b e   u s e d   i n   p l a c e  
of   the   s tandard  FlOO hydromechanica l   ac tua tors .   In   addi t ion ,  a backup  control  
w a s  r e q u i r e d ,   b o t h   f o r   c o n t r o l   o f   t h e   e n g i n e   d u r i n g   s t a r t u p   a n d   t o   t a k e   o v e r  
c o n t r o l   i n   t h e   e v e n t   o f  a compute r ,   s enso r ,   o r   r e sea rch   ac tua to r   ma l func t ion .  
Fuel  f low  and R C W  r e s e a r c h   a c t u a t o r s  were modif ied FlOO types,   and  backup con- 
t r o l   f o r   e a c h  came from t h e   s t a n d a r d  FlOO c o n t r o l .  The r e s e a r c h   a c t u a t o r s   f o r  
t h e   o t h e r   t h r e e   c o n t r o l s  w e r e  s tandard   pos i t ion   se rvos .   Nozzle  area and  bleed 
backups were s inp ly   f i xed   s e rvo  command s i g n a l s .  The e l ec t r i ca l  backup command 
f o r  CIW was genera ted  on an  analog  computer   funct ion  generator .   In   the  research 
mode of   opera t ion ,   a f te rburner   fue l   f low  (zone  1 on ly )   con t inued   t o   be   con t ro l l ed  
normally by t h e   s t a n d a r d  FlOO c o n t r o l .  

The va r i ab le s   s ensed  by t h e   m u l t i v a r i a b l e   c o n t r o l  were eng ine   con t ro l ,  
s ta te ,  and   ou tpu t   va r i ab le s  as w e l l  as PO, PT2, and PLA. Temperature TT2.5 w a s  
a l s o   s e n s e d ,  as t h e  MVC used it  i n   c a l c u l a t i n g   t h e  R C W  schedule .  

The c o n t r o l   o f   t h e   e n g i n e ' s  power lever ang le   r ema ined   i n   t he  PSL c o n t r o l  
room, wi th   an  e lectr ical  PLA s i g n a l   s e n t   t o   t h e  SEL computer.   Switching  of  the 
control  from  backup  to MVC w a s  c o n t r o l l e d   i n   t h e  PSL by t h e  tes t  engineer ,  who 
a l s o   c o n t r o l l e d   t h e   a b o r t - t o - b a c k u p   b u t t o n   i n  case of  emergency. To a i d   t h e  
con t ro l s   eng inee r s ,   l oca t ed   i n   t he   hybr id   computa t ion   cen te r ,  a cathode-ray- 
t u b e   d i s p l a y  of real-time engine  parameters  w a s  p rovided ,   a long   wi th   pane l  meter 
d i s p l a y s  of key   engine   var iab les .  A two-way v o i c e   l i n k   a n d  a one-way cont ro l -  
room te lev is ion   moni tor   fac i l i t a ted   communica t ions .  

During a t y p i c a l   a l t i t u d e  tes t  of t h e   m u l t i v a r i a b l e   c o n t r o l ,   t h e   e n g i n e  
w a s  s t a r t e d   o n  i t s  b a c k u p   c o n t r o l   a n d   t h e   a l t i t u d e   f a c i l i t y   a d j u s t e d  t o  t h e  ap- 
p ropr i a t e   va lues   o f  PO, PT2, and TT2 f o r   t h e   f l i g h t   c o n d i t i o n   d e s i r e d .  

The MVC was a l lowed  to   per form i t s  c o n t r o l   c a l c u l a t i o n s   w i t h  a l l  i n t e g r a l  
trims set  to   ze ro   and   gene ra t ed  a set o f   f i v e   a c t u a t o r  commands. These com- 
mands were compared t o   t h e   f i v e   s e n s e d   c o n t r o l   s i g n a l s .  The i n t e g r a l  trims 
were a d j u s t e d   u n t i l   t h e  commanded con t ro l s   equa l l ed   t he   s ensed   and   t hen   t he   i n -  
t e g r a t o r s  were clamped.  This  allowed a smooth t ransfer   f rom  backup  to   mul t i -  
va r i ab le   con t ro l .   Each   o f   t he   f i ve   con t ro l   va r i ab le s  was t h e n   s e q u e n t i a l l y  
switched  from its backup t o  i t s  r e s e a r c h   a c t u a t o r .  The i n t e g r a l  trims were re- 
l eased   and   t he   eng ine  w a s  then   on   mul t ivar iab le   cont ro l .   Engine   cont ro l  rever- 
t e d   t o   t h e  backup mode i f   t h e  computer   detected a s e n s o r   o r   a c t u a t o r   f a i l u r e .  
A t  the   complet ion  of  MVC t e s t i n g ,   a n   a b o r t  command i n i t i a t e d   e i t h e r  by t h e  SEL 
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computer   operator   or  by the   eng ine   ope ra to r   pu t   t he   eng ine   con t ro l   i n   backup  
mode i n   p r e p a r a t i o n   f o r   e n g i n e  shutdown. 

COMPUTER IMPLEMENTATION 

The MVC l o g i c  shown i n   f i g u r e  2 w a s  implemented on t h e  Lewis  SEL810B con- 
t r o l  minicomputer.  The SEL810B h a s   s p e c i f i c a t i o n s   r e p r e s e n t i n g  a c u r r e n t  
f l igh t - type   computer   wi th  a 24K l b b i t   c o r e  memory and a 0.75-microsecond  cycle 
t i m e .  O the r   cha rac t e r i s t i c s   o f   t he   mach ine  are as fol lows:  

Two 16-bit   accumulators 
Memory s p e c i f i c a t i o n s  - 

24K magnet ic   core  
0.75-psec  cycle time 
Expandable  to 32K 

1.5-psec  add t i m e  
4.5-psec  multiply time 
8.25-psec  divide time 

Double-precision arithmetic 
I n f i n i t e   i n d i r e c t   a d d r e s s i n g  
I n f i n i t e   i n d e x i n g  
Di rec t  memory access 
28-Levels   o f   vec tored   pr ior i ty   in te r rupt  
66 T o t a l   i n s t r u c t i o n s  

Two's-complement, f ixed-poin t   mul t ip ly   and   d iv ide  - 

Shown i n   f i g u r e  4 is a control   t iming  diagram of t h e  M V C  l o g i c   u s e d   i n   t h e  
PSL tests. In   the   12-mi l l i second  update  time of the   cont ro l ,   the   computer   per -  
fo rms   t he   con t ro l - a lgo r i thm  con t ro l   s equenc ing ,   s enso r -ac tua to r -ou tpu t   f a i lu re  
checks,   and  research  data   input   and  output .  The con t ro l   a lgo r i thm  and   t he  con- 
t r o l   s e q u e n c i n g   o p e r a t i o n  were d iscussed   prev ious ly .  

The sensor   fa i lure   checks   per formed by t h e  SEL810B cons i s t   o f  a simplemin- 
max limit check on a l l  s e n s o r s   a n d   e i t h e r  a d e l t a   c h e c k   o r  a s e t - p o i n t d e v i a t i o n  
check. The de l ta   check   compares   the   p resent   va lue   o f   the   sensor   to   the   pas t  
v a l u e   i n   o r d e r   t o   d e t e c t  errat ic  s igna l   behav io r .  The se t -po in t   dev ia t ioncheck  
u s e s   t h e   m u l t i v a r i a b l e   c o n t r o l ' s  own se t -po in t   s chedu les   and   t r ans i t i on   l og ic  t o  
gene ra t e  a modeled v a l u e   f o r   t h e   s e n s o r .   T h i s  modeled va lue  i s  compared w i t h  
t h e   a c t u a l   s e n s e d   v a l u e   t o   d e t e r m i n e   i f   t h e   s e n s o r  i s  behaving  in   an  abnormal  
manner. The ac tua tor   checks  are made by do ing   non l inea r   s imu la t ions   fo r   t he  
ac tua tor   dynamics   in   the   cont ro l   computer .  The outputs   o f   the   s imula t ions  are 
compared w i t h   t h e   a c t u a t o r   f e e d b a c k   s i g n a l s   t o   v e r i f y   t h a t   t h e   a c t u a t o r s   a r e b e -  
having   wi th in   normal   bounds .   For   the   sensor   and   ac tua tor   checks   the   fa i lure  
must   be   p resent   dur ing   four   consecut ive   update   in te rva ls   for   the   s igna l   to   be  
declared  bad. The ou tpu t   checks   ve r i fy   t ha t   t he   d i f f e rence   be tween   t he   cu r ren t  
ou tpu t   and   t he   pas t   ou tpu t  is wi th in  some spec i f i ed   t o l e rance .   Th i s   a l l ows  de- 
t e c t i o n  of a p o s s i b l e   f a i l u r e   i n   t h e   a r i t h m e t i c   u n i t ,   u n d e t e c t e d   s h i f t   o v e r -  
f lows, etc.  T h i s   c h e c k   h a d   t o   b e   i n v a l i d   f o r   o n l y   o n e   u p d a t e   i n t e r v a l   i n   o r d e r  
t o   be   cons ide red  a f a i l u r e .  

The research   da ta   input   and   ou tput   func t ions  are performed 
p u t e r ' s   s p a r e  t i m e .  Th i s   spa re  time occurs  when t h e   c o n t r o l  is 

d u r i n g   t h e  com- 
w a i t i n g   f o r   t h e  
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i n t e r v a l   t i m e r   i n t e r r u p t  after i t  has   f i n i shed   ca l cu la t ing   t he   upda te   o f   t he  
con t ro l   and   du r ing   t he  time t h a t   t h e   d i g i t i z e r  is sampl ing   t he   i npu t   da t a .   In  
th i s   spa re   t ime   an   i npu t -ou tpu t   p rog ram  ca l l ed  INFORM (ref. 9) i s  run  to   gener-  
ate necessa ry   r e sea rch   da t a .   These   da t a   can   be   e i the r   t r ans i en t   o r   s t eady  
state. The s t e a d y - s t a t e   d a t a  are o u t p u t   i n   e n g i n e e r i n g   u n i t s   t o  a f loppy  d i sk .  
o r   t o   t h e   t e l e t y p e .   T h e t r a n s i e n t   d a t a   c a n   a l s o   b e   o u t p u t   t o   t h e   d i s k   f o r  la ter  
p r o c e s s i n g   o r   t o   b r u s h   r e c o r d e r s   f o r  dynamic r ea l - t ime   da t a   eva lua t ion   and  de- 
bugg ing .   Theda ta   ou tpu t   t o   t he   f l oppy   d i sk   can   be   t r ansmi t t ed   t o  a centralcom- 
p u t e r   f o r   f u r t h e r   p r o c e s s i n g ,   p l o t t i n g ,  etc.  

Table I shows t h e   c o n t r o l ' s  memory r equ i r emen t s .   The to t a l  amount  of s o f t -  
ware necessary   to   per form  the  MVC a lgo r i thm is  7787 words.   This   includes 
4091  words  of  code  and  2488  words  of  schedule  and  matrix  data. The sensor- 
actuator-output  checks  add  another  1743  words.   Therefore a to t a l   o f   app rox i -  
mately 9500  words is necessary   to   the   comple te  MVC t a s k   f o r   t h e  FlOO engine.  
Furthermore  the  general-purpose  input-output  and  debug  package (INFORM) adds 
5694  words t o   t h e   t o t a l   c o n t r o l s   p a c k a g e .  

ALTITUDE TEST RESULTS 

Transient   and  s teady-state   performance  of   the MVC w a s  demonstrated by test- 
ing  a t  s ix   subsonic   and  four   supersonic   points .   These  points  were s e l e c t e d   t o  
r ep resen t   t he   ope ra t ing   enve lope   o f   t he  FlOO engine .   S teady-s ta te   opera t ing  
l i n e   d a t a  were taken a t  a l l  p o i n t s .   I n   c e r t a i n   r e g i o n s ,   a i r f l o w   a n d / o r   b u r n e r  
p r e s s u r e  limits r e s t r i c t e d   t h e   r a n g e   o f   s t e a d y - s t a t e   o p e r a t i o n   t o   b e   c l o s e   t o  
i n t e rmed ia t e  (PLA = 83O). A t o t a l  of  309 i n d i v i d u a l   s t e a d y - s t a t e   d a t a   p o i n t s  
were taken. Overall, t h e  MVC t racked   the   re fe rence-poin t   schedules  w e l l .  FTIT 
and  burner   pressure limits were accommodated  where r equ i r ed .  The R C W ' s  and 
CIW's were h e l d   t o   t h e i r   r e s p e c t i v e   s c h e d u l e s   t h r o u g h   t h e   i n t e g r a l  trims. The 
two remain ing   scheduled   var iab les   tha t   de te rmine   the   s teady-s ta te   opera t ing  
p o i n t  are  fan  speed  and  fan-discharge AP/P. They were made t o   t r a c k   t h e i r  
schedules   p roper ly   th rough  use   o f   in tegra l   t r ims  on exhaust   nozzle  area a n d f u e l  
flow.  There were, however, some minor  problems  with area-trim i n t e g r a t o r   s a t u -  
r a t i o n   n e a r  midpower a t  some f l i g h t   c o n d i t i o n s ,   b u t   t h e s e   c o u l d   b e   c o r r e c t e d  by 
fur ther   schedule   re f inements .  

Trans ien t   per formance   of   the   mul t ivar iab le   cont ro l  w a s  a s ses sed  a t  a l l  
f l i g h t   p o i n t s .   L a r g e  PLA t r a n s i e n t s   ( i d l e   t o  83', 50' t o  83',  83' t o   i d l e ,  
e t c . )  were run a t  a l l  poin ts   where   a i r f low  schedules   a l lowed PLA ope ra t ion  be- 
low 83'. Three-degree PLA t r a n s i e n t s  were run   to   check   regula tor   per formance ,  
and c y c l i c   o r  random PLA sequences were r u n   t o   v e r i f y   c o r r e c t   g a i n   s c h e d u l i n g  
l o g i c   o p e r a t i o n .   I n  a l l  cases, PLA w a s  changed a t  t h e  rate of  2126  degrees  per 
second.  Repeatable PLA t r a n s i e n t   i n p u t s  were a s su red  by the   use   o f  a program- 
mab le   func t ion   gene ra to r   t o   con t ro l  PLA d u r i n g   t r a n s i e n t  tests. I n  a l l ,  93 
t r a n s i e n t s  were r u n   o n   m u l t i v a r i a b l e   c o n t r o l .   I n   t h i s   p a p e r   o n l y   t h r e e  w i l l  be 
p re sen ted   t o   demons t r a t e   t yp ica l   con t ro l   pe r fo rmance   i n   r e sponse   t o  (1) a l a r g e  
PLA inpu t  a t  a low-a l t i tude ,   subsonic   condi t ion ;  (2)  a n   a f t e r b u r n e r   l i g h t  a t  
supersonic   condi t ions;   and  (3)  a s imula ted   f l igh t   maneuver .  

Figure 5 shows the   r e sponse   o f   t he   eng ine   unde r   mu l t iva r i ab le   con t ro l   t o  a 
PLA snap  from 50' t o  83' a t  10 000 f e e t ,  Mach 0.6.   Engine  dynamic  characteris-  
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t ics h e r e  are q u i t e   s i m i l a r   t o   t h o s e  a t  sea-level s ta t ic  c o n d i t i o n s .   T h i s t r a n -  
s i e n t   e x e r c i s e d  a number o f   m u l t i v a r i a b l e   c o n t r o l   l o g i c   f u n c t i o n s :   t r a n s f e r  
from  fan-speed trim t o  FTIT trim, regu la to r   and   i n t eg ra to r   ga in   s chedu l ing  as a 
function  of  compressor  speed, FTIT es t imat ion   of  FTIT, and  trimming  of  nozzle 
area t o  set fan-discharge AP/P. It can be   s een   t ha t ,   be fo re   t he  PLA snap oc- 
cu r red  a t  0.5 second,  fan  speed w a s  on  schedule.   After PLA moved, t h e   t r a n s i -  
t i o n   c o n t r o l   g e n e r a t e d   r e q u e s t   v a l u e s   o f   t h e  state v a r i a b l e s   ( f a n   a n d  compres- 
sor   speed  and burner   and   a f te rburner   p ressure .   Di f fe rences   be tween  the   sensed  
and  scheduled  values were fed   t h rough   t he   r egu la to r   t o   cause   t he   s ensed  values 
to   t r ack   t he   s chedu les .  The states responded i n  a s t a b l e ,   c o n t r o l l e d   f a s h i o n ,  
w i th  l i t t l e  o r  no overshoot .  The  FTIT estimate reached  the FTIT l i m i t   s h o r t l y  
be fo re  1 second. A t  t h i s   p o i n t   t h e   f u e l - f l o w   i n t e g r a t o r   i n p u t   e r r o r  was 
switched  f rom  fan  speed  to  FTIT, and  consequent ly   fan  speed  fe l l   below i t s  
scheduled   va lue   in   s teady  state. 

Fuel   f low  and  the  three  components   that ,   added  together ,   produced i ts  com- 
mand are a l s o   p l o t t e d   i n   f i g u r e  5: t he   s chedu led   va lue ,   t he  LQR output ,   and 
the   fue l - f low  in t eg ra to r   ou tpu t .   Fue l   f l ow  r ema ined   c lose   t o  i t s  scheduled 
value.  The LQR c o n t r i b u t i o n   i n i t i a l l y   i n c r e a s e d   t o   r e d u c e   n e g a t i v e   e r r o r s   i n  
t h e  state va r i ab le s .   Fue l - f low  in t eg ra to r   up t r im  w a s  i n h i b i t e d   u n t i l   t h e  FTIT 
estimate reached  the limit. A t  t h i s   po in t   t he   i n t eg ra to r   i n t roduced   downt r im,  
which  reduced fuel   f low  below its scheduled  value.   This   caused  the FTIT esti-  
mate t o   d e c r e a s e  so  t h a t   i n   t h e   s t e a d y  s ta te  FTIT was a t  its limit. 

The nozz le  area moved b o t h   t o  t r i m  fan-discharge AP/P t o  i t s  schedule  and 
t o   r e d u c e   s t a t e - v a r i a b l e   e r r o r s   d u r i n g   t h e   t r a n s i e n t .   F i g u r e  5 shows t h a t ,  be- 
f o r e   t h e  PLA snap ,   nozz le  area w a s  on a scheduled maximum-area l i m i t ;  conse- 
quent ly  AP/P w a s  lower  than i t s  scheduled  value.   This area l i m i t  was i n t r o -  
duced   dur ing   the   hybr id   eva lua t ion   to   insure   s tab i l i ty   for   PIA 'S   be low  about  
50'. After   the  snap  began,   the  LQR n o z z l e   c o n t r i b u t i o n   i n i t i a l l y   i n c r e a s e d  
nozz le  area, p r i m a r i l y   i n   r e s p o n s e   t o  a nega t ive   fan-speed   e r ror ,   and   then  a t  
about  1.5  seconds  decreased  nozzle area t o   n u l l   o u t  a n e g a t i v e   e r r o r   i n   a f t e r -  
burner   pressure.  The area i n t e g r a t o r  trim r e d u c e d   t o   c l o s e   t h e   n o z z l e   a n d  
cause AP/P t o   b e  on schedule  a t  PLA = 83O. The las t  two t r a c e s   i n   f i g u r e  5 show 
t h e  R C W ' s ,  which   he ld   qu i te   c lose ly   to   schedule ,   and   the  CIW's. C I W ' s l a g g e d  
behind  the C I V V  schedule   because  of  a con t r ibu t ion   f rom  the  LQR t h a t  cambered 
t h e  C I V V ' s  in order   to   reduce   the   magni tude   o f   fan-speed   e r ror .   In   s teady  
state, however, t h e  C I W  in tegra tor   over rode   any  LQR c o n t r i b u t i o n   t o   p o s i t i o n  
CIW's on schedu le .   La rge   t r ans i en t   r e sponses   fo r   o the r   f l i gh t   po in t s  were 
q u a l i t a t i v e l y  similar t o   t h e   r e s p o n s e s  shown i n   f i g u r e  5. Exceptions were a t  
h i g h - a l t i t u d e ,  low-Mach-number p o i n t s  (45  000 and 50 000 f t  a t  Mach 0.9), where 
responses  were more  underdamped  than  desired.  This is  p o s s i b l y   d u e   t o   t h e   e f -  
f e c t s  of  unsteady test-cell condi t ions .   Also ,  a slower-than-normal  burnerpres- 
s u r e   t r a n s d u c e r   c a u s e d   t h e   m u l t i v a r i a b l e   c o n t r o l   r e s p o n s e s   t o   b e   s l o w e r   t h a n d e -  
s i r e d   f o r   c e r t a i n   l a r g e  PLA t r ans i en t s .   Th i s   s low  s igna l   caused   t he   s t anda rd  
FlOO WF/PB schedule  programmed as p a r t   o f   t h e   e n g i n e   p r o t e c t   l o g i c   ( f i g .  2) t o  
i n a d v e r t e n t l y   l i m i t   f u e l   f l o w   d u r i n g   t h e s e   a c c e l e r a t i o n s .  

A f t e r b u r n e r   l i g h t s  were performed a t  a l l  f l i g h t   p o i n t s   t o  test t h e   a b i l i t y  
o f   t h e   m u l t i v a r i a b l e   c o n t r o l   t o   a t t e n u a t e  external dis turbances.   Feedforward 
l o g i c  is u s e d   i n   t h e   s t a n d a r d  FlOO c o n t r o l  i n  o r d e r   t o   r e d u c e   t h e   e f f e c t   o f   a n  
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a f t e r b u r n e r   i g n i t i o n   p u l s e .   C o n t r o l   o f   t h e   a f t e r b u r n e r  was s p e c i f i c a l l y   e x c l u -  
ded  from  the MVC design.   Feedforward  logic  was not   used  by t h e  MVC; hence  the 
a f t e r b u r n e r   p u l s e   a c t e d  as a d i s t u r b a n c e   t o   t h e   s y s t e m .   F i g u r e  6 shows t h e  re- 
s u l t s   o f   a n   a f t e r b u r n e r   l i g h t  a t  a h i g h - a l t i t u d e   s u p e r s o n i c   c o n d i t i o n  (55 000 f t  
a t  Mach 1.8). The c o n t r o l   r a p i d l y   r e s p o n d e d   t o   a t t e n u a t e   t h e   a f t e r b u r n e r   p r e s -  
s u r e   p u l s e   r e s u l t i n g   f r o m   t h e   l i g h t .  The r e s u l t s   a l s o   v e r i f y   t h e   c o r r e c t   s c h e -  
du l ing  of LQR and i n t e g r a l   g a i n s  and  reference-point  schedules a t  t h i s   s u p e r -  
sonic ,   h igh- in le t - tempera ture   po in t .  The l i g h t   o c c u r r e d  a t  0.5 second, as shown 
by t h e  rise i n   a f t e r b u r n e r   f u e l   s u p p l y   p r e s s u r e   i n   t h e   t o p  trace. The e f f e c t  of 
t h e   l i g h t  w a s  t o   c a u s e   a f t e r b u r n e r   p r e s s u r e   t o   i n c r e a s e   a n d   f a n   s p e e d   t o   d r o p .  
Compressor   speed  remained  essent ia l ly   constant .  The  FTIT estimate fo l lowed  the  
sensed   va lue   wi th   an   o f fse t   o f   about  8 degrees .   Dur ing   t he   l i gh t   t he  estimate 
w a s  h e l d   c l o s e   t o   t h e  limit t h r o u g h   i n t e g r a l  t r i m  on fue l   f l ow,   t hus   caus ing   t he  
sensed  value  of FTIT t o  remain  below t h e  l i m i t .  

F igure 6 a l s o  shows tha t   f an - speed   e r ro r   ( and   t o  some e x t e n t   a f t e r b u r n e r  
p r e s s u r e   e r r o r )   a c t e d   t h r o u g h   t h e  LQR area o u t p u t   t o   i n i t i a l l y  open  the  nozzle.  
A t  t h e  samt time, fan-discharge AP/P dropped  below  schedule  and  caused  the area 
t o  open u n t i l  AP/P was back  on  schedule .   The  net   resul t  was t h a t   a f t e r b u r n e r  
p re s su re  was a t t e n u a t e d  as des i red .   There  was a l s o  some s l i g h t   c o n t r o l   a c t i v i t y  
on f u e l   f l o w  as t h e   f u e l - f l o w   i n t e g r a t o r  trimmed t o  keep FTIT  below i t s  l i m i t .  
The m u l t i v a r i a b l e   c o n t r o l   s u c c e s s f u l l y   a t t e n u a t e d   a f t e r b u r n e r   p r e s s u r e   p u l s e s  a t  
a l l  o t h e r   f l i g h t   p o i n t s   e x c e p t   f o r  45 000 and 50 000 f e e t  a t  Mach 0.9. Here, 
sensed  fan-discharge AP/P d i d   n o t   c h a n g e   s u f f i c i e n t l y   t o   a l l o w   n o z z l e  t r i m  con- 
t r o l   t o   s u p p r e s s   t h e   d i s t u r b a n c e .   F u r t h e r   a n a l y s i s   o f   s e n s e d  AP/P d a t a   i n   t h i s  
r eg ion  is being  undertaken. 

A t o t a l  of n ine   s imula ted   f l igh t   maneuvers  were performed  to  test, i n   p a r -  
t i cu l a r ,   ga in   s chedu l ing   and  FTIT es t imator   per formance   wi th   vary ing  PLA andam- 
b i e n t   c o n d i t i o n s .  Maneuvers  included  combinations  of  cl imbs,  dives,   accelera- 
t ions ,   and   dece lera t ions ;   and   the   mul t ivar iab le   cont ro l   per formed w e l l  i n  a l l  
tests. F igu re  7 shows  one  representat ive  maneuver ,   an  accelerat ion a t  a con- 
s t an t   10   000- foo t   a l t i t ude .   Ac tua l   p re s su re   a l t i t ude   va r i ed   f rom  abou t  8500 t o  
11 000 f e e t   d u r i n g   t h e   t r a n s i e n t ,   a n d  Mach number increased  f rom 0.6 t o  0.9 i n  
about 15 seconds.   Inlet   temperature   could  not   be  changed,  so  t h e   i n i t i a l   c o n d i -  
t i o n  was s t anda rd   day   and   t he   f i na l   cond i t ion  was 40 degrees  F co lder   than   s tan-  
dard  day. The PLA was increased  manually  from 6 5  t o  83' i n  about 5 seconds. 
Figure 7 shows  compressor  speed  making a c o n t r o l l e d   t r a n s i t i o n   w i t h  a s l i g h t  
overshoot.   Fan  speed  tracked i ts  schedule   wi th  a s l igh t   ove r shoo t .   F igu re   7 (b )  
shows t h a t  a t  about 4 seconds  the FTIT es t ima to r   r eached   t he  l i m i t  and   the   fue l -  
f low  integrator   ceased  t r imming on fan-speed  error   and downtrimmed f u e l   t o  keep 
FTIT below i ts  l i m i t .  I n s t e a d y  state, F T I T h e l d   t o   t h e  l i m i t  w i t h i n  5 degrees F. 
F i n a l l y ,   f i g u r e   7 ( b )  shows t h a t   t h e   e x h a u s t   n o z z l e  area c losed  down t o   k e e p f a n -  
d i scha rge  AP/P on schedule  as d e s i r e d .   I n  summary, t h e   m u l t i v a r i a b l e   c o n t r o l  
produced a w e l l - c o n t r o l l e d   t r a n s i t i o n  of engine power s e t t i n g   w i t h   v a r y i n g  am- 
b i en t   cond i t ions .  

0 

CONCLUSIONS 

The o b j e c t i v e  of t h e  FlOO Mul t ivar iab le   Cont ro l   Synthes is   p rogram was t o  
demonstrate   that  a c o n t r o l   t h a t  would ope ra t e  a modem  turbofan  engine  over i t s  
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f l igh t   enve lope   could   be   des igned  by u s i n g   l i n e a r   q u a d r a t i c   r e g u l a t o r  (LQR) 
design  methods. 

The m u l t i v a r i a b l e   c o n t r o l  w a s  t e s t e d   w h i l e   c o n t r o l l i n g   a n  FlOO engine a t  
10 f l i g h t   p o i n t s   i n   a n   a l t i t u d e   f a c i l i t y .  The c o n t r o l   e x h i b i t e d  good steady- 
state performance,   that  is, t h e   a b i l i t y   t o   h o l d   e n g i n e  t r i m  var iab les   on   sche-  
du le  a t  a l l  f l i g h t   p o i n t s .  

Good t rans ien t   per formance  w a s  demonstrated a t  a l m o s t . a l 1   f l i g h t   p o i n t s .  
The i n t e g r a l  trims s u c c e s s f u l l y  accommodated FTIT limits and  low  burner  pres- 
s u r e   l i m i t s  where  required.  The c o n t r o l   a t t e n u a t e d   a f t e r b u r n e r   p r e s s u r e   p u l s e s  
o c c u r r i n g   d u r i n g   a f t e r b u r n e r   l i g h t s  a t  a l l  b u t  two f l i g h t   p o i n t s .  A t  super- 
son ic   po in t s ,   where   ope ra t ion  w a s  permi t ted   on ly  a t  intermediate   and  above,  ex- 
ce l l en t   suppres s ion   o f   a f t e rbu rne r   d i s tu rbances  was observed. A number of 
f l i g h t  maneuvers were performed  to   check  the  control ' s   performance  with  s imul-  
taneously  varying PLA and  ambient  conditions.  The con t ro l   t r acked   r e fe rence -  
po in t   schedules  w e l l  and  accommodated a l l  limits. 

Senso r   and   ac tua to r   f a i lu re   de t ec t ion   l og ic  w a s  i n c o r p o r a t e d   i n t o   t h e  con- 
t r o l   f o r   a l t i t u d e  tests and  functioned well in   con junc t ion   w i th  a backup  con- 
t r o l .  All t h e   c o n t r o l   l o g i c  w a s  programmed i n  9.5K of co re ,   u s ing  a 12-mill i-  
second  computer  cycle t i m e .  These  computer  requirements are w i t h i n   t h e  capa- 
b i l i t i e s  of  present-generation  computers  envisioned  for  use as engine-mounted 
d i g i t a l   c o n t r o l s .  

It i s  concluded  that  LQR-based cont ro l   des ign   techniques   can   be   success-  
fu l ly   u sed   t o   des ign   d ig i t a l   eng ine   con t ro l s .  The s y s t e m a t i c ,   s t r u c t u r e d  ap- 
proach  used i n   t h e  FlOO MVC design  has  much t o   o f f e r   i n   t h e   d e s i g n  of c o n t r o l s  
for   next -genera t ion   a i rbrea th ing   engines .  

REFERENCES 

1. Miller, R. J . ;  and  Hackney, R. D. : FlOO Multivariable  Control  System  Engine 
Models/Design Criteria. P r a t t  6 Whitney A i r c r a f t ,  West Palm  Beach, F l a . ,  
PWA-FR-7809, Aug. 1976. (AFAPL-TR-76-74. ) 

2. DeHoff, R. L.;  Hall, W .  E., Jr.; Adams, R. J.; and  Gupta, N .  K.: FlOOMulti- 
var iable   Control   Synthesis   Program - Vol. I, Development of  FlOO Control  
Systems.  Systems  Control,   Inc.   (Vt.) ,   Palo  Alto,   Calif . ,   Final  Report ,  
1 Aug. 1975 - 31 Dec. 1976,  June  1977. (AFAPL-TR-77-35-Vol-1,  AD-A052420.) 

3. Szuch, J. R.; Soeder, J. F.;   Seldner,  K.;  and  Cwynar, D. S . :  FlOO Multi- 
var iable   Control   Synthesis   Program - Evaluat ion  of  a Mul t iva r i ab le   Con t ro l  
Using a Rea l -T ime  Engine  Simulation. NASA TP-1056, 1977. 

4 .  DeHoff, R. L.; and Hall, W. E . ,  Jr.: Mul t ivar iab le   Cont ro l   Des ign   Pr inc i -  
p l e s   w i t h   A p p l i c a t i o n   t o   t h e  FlOO Turbofan  Engine.   Productivity;   Proceed- 
i n g s  of the  Joint  Automatic  Control  Conference,   American  Society of Mech- 
an ica l   Engineers ,  New York,  1976,  pp.  113-116. 

29 



5. DeHoff, R. L.; and Hall, W. E., Jr.: Design  of a M u l t i v a r i a b l e   C o n t r o l l e r  
f o r   a n  Advanced  Turbofan  Engine.   Proceedings  of  the  Fifteenth  Conference 
on  Decision  and  Control  and Symposium on   Adapt ive   Processes ,   Ins t i tu te   o f  
Electrical and  Electronics  Engineers,   Inc. ,   1976,  pp.  1002-1008. 

6.  Adams, R. J.; DeHoff, R. L.; and Hall, W. E., Jr.: Modelling  and  Instrumen- 
t a t ion   Requ iemen t s   fo r   Mul t iva r i ab le   Con t ro l   o f   an  Advanced  Turbofan 
Engine. AIAA Paper 77-834, J u l y  1977. 

7.  DeHoff , R. L.; and Hall, W. E., Jr.: Mul t ivar iab le   Quadra t ic   Synthes is   o f  
an Advanced  Turbofan  Engine  Controller. J. Guidance  and  Control,   vol.  1, 
no. 2, Mar.-Apr.  1978, 

8. Szuch, J. R.;  S k i r a ,  C . ;  
var iab le   Cont ro l   Us ing  
1977. 

9. Cwynar, D. S. : INFORM: 
wi th  Debug Capab i l i t y .  

pp.  136-142. 

and  Soeder, J. I?.: Eva lua t ion  of an FlOO Multi- 
a Real-Time Engine  Simulation. NASA TM X-73648, 

An I n t e r a c t i v e  Data Collection  and  Display  Program 
NASA TP-1424, 1979. 

TABLE 1. - CORE REQUIREMENTS FOR MVC PROGRAM 

MVC Control  Algorithm: 
FTIT Estimator 30 9 
Set  Point Schedules  6 18 
Gain Control  8 34 
Transition  Control 632 
Integral Control  783 
LQR Control 347 
Engine Protection 198 
Function  Generation 37 0 

Total 4091 
- 

Block  Data: 
Schedules 1752 
Matrices 7 36 

Total 2488 
- 

Failure Detection  Logic: 
Sensor Checks  1169 
Actuator and a t p u t  Checks 574 

Total 1743 

Control Executive 1208 

Grand Total 195301 
- 

General-Purpose hpt-output 5694 
and  Debug 
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Figure 2. - Structure of FlOO multivariable  control. 
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DESIGN OF A MULTIVARIABLE INTEGRATED  CONTROL 

FOR A SUPERSONIC PROPULSION  SYSTEM 

Edward C. B e a t t i e  
P r a t t  & W h i t n e y   A i r c r a f t  Group 
Commercial   Products  Div is ion 

SUMMARY 

A s tudy was conducted   o f  an i n l e t / e n g i n e / n o z z l e   i n t e g r a t e d   c o n t r o l  mode 
f o r   t h e   p r o p u l s i o n   s y s t e m   o f  an advanced  supersonic   commerc ia l   a i rcraf t .   Th is  
s tudy  showed t h a t   i n t e g r a t i o n   o f   t h e s e   c o n t r o l   f u n c t i o n s  can r e s u l t   i n   b o t h  
o p e r a t i o n a l  and pe r fo rmance   bene f i t s   f o r   t he   p ropu ls ion   sys tem.   Fo r   examp le ,  
t h i s   i n t e g r a t e d   c o n t r o l  mode may make i t  p o s s i b l e   t o   m i n i m i z e   t h e   u s e   o f   i n l e t  
bypass  doors f o r  shock p o s i t i o n   c o n t r o l .   T h i s  may be o f   b e n e f i t   t o   t h e   a i r -  
c r a f t  as a r e s u l t   o f   m i n i m i z i n g :  ( 1 )  bypass   b leed  d rag   e f fec ts ;  ( 2 )  p e r t u r b a -  
t i o n s   t o   t h e   a i r c r a f t   r e s u l t i n g   f r o m   t h e   s i d e   t h r u s t   e f f e c t   o f   t h e   b y p a s s  
bleeds; and, ( 3 )  p o t e n t i  a1 u n s t a r t s   o f   t h e   i n l e t .  A conceptua l   in tegra ted   con-  
t r o l  mode was developed  which makes use o f  many cross-coupl ing  paths  between 
i n l e t  and e n g i n e   c o n t r o l   v a r i a b l e s  and i n l e t  and engine  sensed  var iab les.  A 
m u l t i v a r i a b l e   c o n t r o l   d e s i g n   t e c h n i q u e  based  upon  L inear   Quadrat ic   Regulator  
(LQR)  theory was a p p l i e d   t o   d e s i g n i n g   t h e   f e e d b a c k   g a i n s   f o r   t h i s   c o n t r o l   t o  
a l l  ow a s i m u l a t i o n   e v a l u a t i o n   o f   t h e   b e n e f i t s   o f   t h e   i n t e g r a t e d   c o n t r o l  mode. 

INTRODUCTION 

The Nat iona l   Aeronaut ics  and  Space A d m i n i s t r a t i o n  (NASA) i s  engaged i n  
s t u d i e s  and advanced  technology  programs f o r  fu tu re   superson ic   commerc ia l   a i r -  
c r a f t ,   w i t h  emphasis on improving  environmental  and per fo rmance  charac ter is -  
t i c s .  As p a r t   o f   t h i s   o v e r a l l  program, P r a t t  & W h i t n e y   A i r c r a f t  (P&WA) i s  con- 
duct ing  advanced  propuls ion  technology  programs. 

The t ime   f rame  fo r   t hese   p rog rams   i s   cons i s ten t   w i th   advanced   techno logy  
p r o j e c t i o n s   t h a t   w o u l d   p e r m i t  a U. S. e n t r y   i n t o   t h e   c o m m e r c i a l   s u p e r s o n i c   a i r -  
c r a f t   m a r k e t   b y   t h e   l a t e   1 9 8 0 ' s   o r   e a r l y   1 9 9 0 ' s .  

The work  presented i n   t h i s  paper was accompl ished  dur ing a b r i e f   s t u d y  as 
p a r t  o f  a NASA-sponsored s tudy   conducted   by   the   Lockheed-Ca l i fo rn ia  Company, 
w i t h  P&WA Commerci a1 P r o d u c t s   D i v i s i o n  as sub -con t rac to r .  (1) 

VARIABLE STREAM CONTROL E N G I N E  

Resu l t s   f rom  b road   pa ramet r i c   s tud ies  and r e f i n e d   i n t e g r a t i o n   s t u d i e s   i n -  
d i   c a t e   t h a t   t h e   V a r i a b l e  Stream  Contro En i ne (VSCE) has t h e   g r e a t e s t   p o t e n -  
t i a l   f o r   f u t u r e   s u p e r s o n i c   t r a n s p o r t s . l 2 ~ 3 !   T h i s  VSCE concept   employs  var i -  
able  components and a u n i q u e   t h r o t t l e   s c h e d u l e   f o r   i n d e p e n d e n t   c o n t r o l   o f   t w o  
f low  streams t o   p r o v i d e   r e d u c e d   j e t   n o i s e   a t   t a k e - o f f  and h igh   pe r fo rmance   a t  
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both   subson ic  and superson ic   c ru i se .   F igu re  1 shows the   bas i c   a r rangement   o f  
the  major  engine  components i n  a t w i n   s p o o l   c o n f i g u r a t i o n   s i m i  1 a r   t o  a 
conven t iona l   t u rbo fan   eng ine .  The low  spoo l   cons is ts  o f  an advanced  tech- 
no logy ,   mu l t i - s tage ,   va r iab le   geomet ry   f an  and a l o w   p r e s s u r e   t u r b i n e .  A v a r i -  
able  geometry  compressor  dr iven  by an advanced s i   ng l   e -s tage   h igh   t empera tu re  
t u r b i n e  makes up t h e   h i g h   s p o o l .  The p r imary   bu rne r  and t h e   d u c t   b u r n e r   r e -  
qu i re   l ow   em iss ions ,   h igh   e f f i c i ency   combus to rs .  A two  s t ream,  concentr ic ,  
a n n u l a r   ( c o - a n n u l a r )   n o z z l e   d e s i g n   w i t h   v a r i a b l e   t h r o a t   a r e a s   i n   b o t h   s t r e a m s  
and an e j e c t o r / r e v e r s e r  make up the  exhaust  system. 

CORE EXHAUST 
COMPRESSOR  VANES  NOZZLE AREA 

\ \  

DUCTEXHAUST 
NOZZLE AREA 

I I 
clcn I LKDUU I 

COWL DOORS/ FUEL  (LOW \ I \  
DUCT B l  

FAN  VANES FUEL FI 
EJECTOR 

F i g u r e  1 P r o p u l s i o n  System, I n c o r p o r a t i n g  a Var iab le   S t ream  Cont ro l  
Engine (VSCE), f o r  an Advanced  Supersonic. 

S u p e r s o n i c   I n l e t  

The s u p e r s o n i c   i n l e t   f o r   t h e  VSCE will be e i t h e r  an ax i symmet r i c   con f i gu r -  
a t i o n   w i t h  a t r a n s l a t i n g   o r   c o l l a p s i b l e   c e n t e r b o d y ,   o r  a two-dimensional  de- 
s i g n   w i t h   v a r i a b l e   w a l l s .   A u x i l i a r y   i n l e t   d o o r s  and bypass  doors  are  included 
t o   s a t i s f y   o f f - d e s i g n  and t r a n s i e n t   o p e r a t i n g   c o n d i t i o n s .   D u r i n g   s u p e r s o n i c  
o p e r a t i o n ,   t h e   p r i m a r y   c o n t r o l   r e q u i r e m e n t   f o r   t h e   i n l e t   i s   t o  f i x  t h e  shock 
p o s i t i o n   a t  a l o c a t i o n  downstream o f  t h e   t h r o a t .   V a r y i n g   t h e   i n t e r n a l  geome- 
t r y ,  such as t r a n s l a t i n g   t h e   c e n t e r b o d y   p o s i t i o n ,   v a r y i n g   t h e   b y p a s s   d o o r s  and 
m a t c h i n g   t h e   e n g i n e   a i r f l o w   w i t h   t h e   i n l e t   f l o w   r a t e   r e q u i r e s   c o o r d i n a t i o n .  
T h i s  will a l l o w   o p t i m u m   p o s i t i o n i n g   o f   t h e   s h o c k   f o r  maximum p ressu re   recove ry  
w h i l e   m i n i m i z i n g   i n l e t   s p i l l a g e  and bypass f l o w  and p r e v e n t i n g   i n s t a b i l i t y  
such as u n s t a r t  and  buzz. 
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Engine 

M o d u l a t i n g   e n g i n e   a i r f l o w   t o   m a t c h   i n l e t   a i r f l o w   i s   i m p o r t a n t   f o r   o p t i m i z -  
i ng   i ns ta l l ed   pe r fo rmance .   Se lec ted   ra t i ng   pa ramete rs ,   such  as r o t o r  speeds 
and /o r   eng ine   p ressu re   ra t i o ,   a re  programmed i n t o   t h e   c o n t r o l   s y s t e m   t o   p r o -  
v i d e   t h e   s p e c i f i c   t h r u s t ,   a i r f l o w ,  and t e m p e r a t u r e   r a t i n g s   a t   c r i t i c a l   o p e r a t -  
i n g   c o n d i t i o n s   t h a t   r e s u l t   i n   t h e   d e s i r e d   p e r f o r m a n c e  and environmental  bene- 
f i t s .  

The VSCE f a n   i n c o r p o r a t e s   v a r i   a b l e  camber i n l e t  and e x i t   g u i d e  vanes.  The 
compressor has seve ra l   rows   o f   va r iab le   s ta to rs .   Accu ra te   con t ro l   o f   t hese  
variable  geometry  components i s   r e q u i r e d   t o   o p t i m i z e   p e r f o r m a n c e   o v e r   t h e  
f l i g h t   e n v e l o p e   w h i l e   m a i n t a i n i n g   s t a b i l i t y   m a r g i n s .  

The advanced  main  burner and duc t   burner  have  staged  combustion  systems 
wh ich   requ i re   accura te  and i n d e p e n d e n t   c o n t r o l   o f   f u e l   f l o w   t o  each  stage t o  
o b t a i n   t h e   e f f i c i e n c y  and e m i s s i o n s   b e n e f i t s   a s s o c i a t e d   w i t h   t h e s e   b u r n e r  de- 
s igns.  The cont ro l   sys tem  must   a l  so p r o v i d e  smooth l i g h t - o f f ,   s t a g e - t o - s t a g e  
t r a n s f e r   d u r i n g   t r a n s i e n t   o p e r a t i o n ,  and m o d u l a t e d   t o t a l   f u e l   f l o w   i n  each 
b u r n e r   s t a g e   t o   o b t a i n   t h e   d e s i r e d  power s e t t i n g s .  

Nozzle/Reverser 

Continuous and independent   modu la t ion   o f   bo th   the   p r imary  and duct   s t ream 
n o z z l e   a r e a s   i s   r e q u i r e d   i n   c o n j u n c t i o n   w i t h   t h e   e n g i n e   c o n t r o l   v a r i a b l e s   t o  
p rov ide   t he   des i red   eng ine  and n o z z l e   o p e r a t i n g   c h a r a c t e r i s t i c s .   C o n t r o l   o f  
t he   ac tua ted   e jec to r   doo rs  and the   t h rus t   reve rse r   mus t   a l so   be   p rov ided .  

INTEGRATION 

Operat ion and per fo rmance  o f   the  VSCE p r o p u l s i o n   s y s t e m   i s  a f u n c t i o n   o f  
t h e   i n t e r a c t i o n s   b e t w e e n   t h e   i n l e t ,   e n g i n e ,  and n o z z l e .   B a s i c   i n t e r a c t i o n   e f -  
f e c t s   a r e   r e p r e s e n t e d   i n   f i g u r e  2, and i n d i v i d u a l   p e r f o r m a n c e   f a c t o r s   f o r   t h e  
i n l e t ,   e n g i n e ,  and nozz le   a re  shown i n   f i g u r e  3. S ince   t he   i n teg ra ted   p ropu l -  
s i o n   s y s t e m   i s   a f f e c t e d   b y   a l l   o f   t h e s e   i n t e r a c t i o n s  and per fo rmance  fac to rs ,  
it i s  apparen t   t ha t  an i n t e g r a t e d   c o n t r o l   s y s t e m   i s   r e q u i r e d   n o t   o n l y   t o   o p t i -  
m i z e   i n d i v i d u a l  component  performance,  but a1 so t o   t r a d e  between  engine compo- 
nents.  

An i n t e g r a t e d   c o n t r o l   c a n  a1 low  c loser   opera t ion   to   compressor   surge  
l i m i t s   t o   i m p r o v e  compressor   e f f ic iency and p r e s s u r e   r a t i o   d u r i n g   s t e a d y   s t a t e  
ope ra t i on ,  and u t i l i z e   r e s e t   l o g i c   t o  accommodate i n l e t   d i s t o r t i o n   e f f e c t s   o r  
e n g i n e   t r a n s i e n t s .   A n o t h e r   i n t e g r a t i o n   a p p r o a c h   i s   t o   u s e   e n g j n e   v a r i a b l e s   t o  
c o n t r o l   t h e   i n l e t  shock p o s i t i o n ,  and thereby   min imize   the   use   o f   d rag- induc-  
i ng  bypass  doors. 

I n teg ra t i on   mus t   a l so   be   p rov ided   be tween   a l l   f ou r   p ropu ls ion   sys tems  and 
b e t w e e n   t h e   a i r c r a f t   c o n t r o l   s y s t e m .   T h i s   i s   r e q u i r e d   t o   p r o v i d e   o p t i m u m   o v e r -  
a1 1 a i r c r a f t   p e r f o r m a n c e  and t o   p r o v i d e   o p e r a t i o n a l   r e l i a b i  1 i t y  and s a f e t y   b y  
m i n i m i z i n g   t h e   p o s s i b i l i t y  of i n l e t   u n s t a r t s  as a r e s u l t   o f   a i r c r a f t  maneu- 
vers.  I n   a d d i t i o n ,  i f  an i n l e t   s h o u l d   u n s t a r t ,   t h e   i m p a c t  on a i r c r a f t  con- 
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t r o l l a b i l i t y  would  be  minimized.  Therefore,  a c o n t r o l   s y s t e m   i s   r e q u i r e d   w h i c h  
n o t   o n l y   p r o v i d e s   t h e   p r o p u l s i o n   s y s t e m   c o n t r o l   f u n c t i o n ,   b u t  can a l s o   p r o v i d e  
t h e s e   i n t e g r a t i o n   f u n c t i o n s .  

: Inlet  control  settings : 
: impact engine restart : 
0 1": Engine power sett ing 

0 
0 
0 
0 
0 
0 

0 

0 
b : induced airflow change i 

Atmospheric effect i Bypass door bleed  induced i b b 

Induceti a i r t l o r  airflow change and 0 

disturbances : distortion : Control  variable  induced 
0 
0 
0 
0 . 

1" i -: airflow change i d  

:r "i 

: Geometry for  optimum 
: C F  impacts  match Wing  leading edge i Buzz or unstart 

flow  separation induced distortion i Airflow change induced i d  
induced distortion I -: unstart and ACv b 

0 

Io i Bypass  bleed and unstart : 0 

Aircraft  motion induced : induced aircraft  motions : . 
b . . . . 
0 

airflow change and : 0 
distortion 0 

0 
b 
0 

. 
0 

F i g u r e  2 Propu 1 s i  on 
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SYSTEM 
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AIRFLOW 
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RAM RECOVERY 
SPILLAGE DRAG 
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NOISE - 

+ 

. 
0 

System I n t e r a c t i o n s  

AIRFLOW 
FUEL CONSUMPTION 
POWER  SETTING 
SURGE MARGINS 
ENGINE OPERATING 
LIMITS 

+ 

- 
NOISE 
EXTERNAL 
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INTERNAL 
PERFORMANCI 
i 

I I I 
I I 
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I 

F i g u r e  3 P r o p u l   s i  on  System  Performance  Factors 
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I n t e g r a t i o n   b e n e f i t s  and i n l e t / e n g i n e / n o z z l e   c o n t r o l   f u n c t i o n   i n t e g r a t i o n  
approaches  were   eva lua ted   under   the   conceptua l   in tegra ted   con t ro l   s tudy ,  (1) 
d iscussed   p rev ious l y .  The i n t e g r a t i o n   b e n e f i t s   i d e n t i f i e d   i n   t h i s   s t u d y   a r e  
s u m a r i z e d   i n   t a b l e  1. 

TABLE I - CONTROL INTEGRATION BENEFITS 

Max imize   s teady   s ta te  and t r a n s i e n t   p e r f o r m a n c e  

M i n i m i z e   i n l e t   u n s t a r t s  and  engine  surge  during  maneuvers 

Min imize   occur rence  o f   buzz  

M i n i m i z e   u s e   o f   d r a g - i n d u c i n g   i n l e t   b y p a s s   d o o r s  

Improve a i r c r a f t  hand1 i ng  qual  i t i  es 

Max im ize   ope ra t i ona l   sa fe ty  

INTEGRATED CONTROL MODE 

G i v e n   t h e   i n d i v i d u a l   c o n t r o l   r e q u i r e m e n t s   f o r   t h e   i n l e t  and VSCE, and i n -  
tegra t io r r   requ i rements  and  approaches, a c o n c e p t u a l   i n t e g r a t e d   c o n t r o l  mode 
was developed. The r e s u l t i n g   c o n t r o l  mode, shown i n   b l o c k   d i a g r a m   f o r m   i n  fi- 
gure 4, rep resen ts  a f u l l y   i n t e g r a t e d  mode i n   t h a t   a l l   a n t i c i p a t e d   s i g n i f i c a n t  
c ross -coup l i ng   l oops ,   bo th   w i th in   t he   eng ine  and between  engine and i n l e t ,  
have   been   i nc luded .   Fu l l   au tho r i t y   i n teg ra to rs   were   se lec ted   f o r   ma in   bu rne r  
fue l   f low (WFE), compressor  bleeds, and bypass  doors. T r i m  i n t e g r a t o r s ,  whose 
o u t p u t  add t o   s t e a d y   s t a t e   r e f e r e n c e   o r   c o r r e l a t i o n   s c h e d u l e s ,   w e r e   s e l e c t e d  
f o r   f a n   i n l e t   g u i d e  vane  (FIGVA),  compressor s t a t o r  vanes (CSVA) , c o r e   n o z z l e  
area  (AJE), and duct   nozz le  area  (AJD).  The use o f   i n t e g r a t o r s  on each c o n t r o l  
v a r i a b l e  was s e l e c t e d   t o   p r o v i d e   a c c u r a t e   c o n t r o l   t o   t h e   d e s i r e d   p r o p u l s i o n  
sys tern r a t  i ngs . 

Design and e v a l u a t i o n  o f  c o n t r o l   l o o p   g a i n s  and dynamic  compensation  for 
such a c o n t r o l  mode requi red  development   o f  a dynamic  s imulat ion  o f   the VSCE 
engine and t h e   s u p e r s o n i c   i n l e t .  The e n g i n e   s i m u l a t i o n   c o n s i s t e d   o f   d e t a i l e d  
non l inear   dynamic   representa t ions   o f   each  eng ine  component a v a i l a b l e   f r o m  
P&WA's s imulat ion  system. The i n l e t   s i m u l a t i o n   s e l e c t e d  was based  upon a simu- 
l a t i o n   t e c h n i q u e   d e v e l o p e d   a t   t h e  NASA Lewis  Research  Center, as d e s c r i b e d   i n  
Reference 4. T h i s   s i m u l a t i o n   t e c h n i q u e   i s   b a s e d  upon a l i n e a r i z e d   m a t h e m a t i c a l  
a n a l y s i s   o f   i n l e t  dynamics and,  as such, i n   o n l y   v a l i d   f o r   s m a l l   t r a n s i e n t  
p e r t u r b a t i o n s   a b o u t   t h e   o p e r a t i n g   p o i n t .  However, t h i s   l i m i t a t i o n   i s   a c c e p t -  
a b l e   f o r   a n a l y s i s   o f   i n t e g r a t e d   c o n t r o l   r e s p o n s e  s i  nce ( 1  ) eng ine   ope ra t i  on a t  
s u p e r s o n i c   c o n d i t i o n s   i s   l i m i t e d   t o  a f a i r l y   l i n e a r   r a n g e  and, ( 2 )  i t  i s  de- 
s i r a b l e   t o   m a i n t a i n   a c c u r a t e   c o n t r o l   o f  shock p o s i t i o n   ( i  .e. ¶ o n l y   a l   l o w   s m a l l  
v a r i a t i o n s   f r o m   t h e   d e s i r e d  shock p o s i t i o n )  so t h a t   i n l e t   o p e r a t i o n  will a l s o  
be l i m i t e d   t o  a f a i r l y   l i n e a r  range. 

3 9  
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Figure 4 Conceptual  Integrated  Control Mode 

A schematic  of an ideal mixed-compression i n l e t   i s  shown in  f igure 5. The 
cross-sectional  area  variation o f  t h e   i n l e t   i s  approximated by constant  area 
sections t o  minimize the  complexity of the  result ing  simulation. For each  duct 
section  chosen,  the  constant  area  approximation and a l inear  analysis o f  the 
compressible  flow  equations  result  in  one-dimensional wave equations  repre- 
senting t h a t  section. These wave equations  are used to  represent both  the 
supersonic and subsonic  flow  regions. The supersonic and subsonic  flow  sec- 
tions  are  then  coupled by linearized  equations which r e l a t e  normal shock, 
posit ion t o  adjacent  parameters. A l inearized  equation  is   also developed f o r  
bypass  flow,  assuming choked f 1 ow t h r o u g h  the  bypass  door.  Finally  the 1 i ne- 
ar ized  inlet   s imulat ion  is  mated with  the  nonlinear  engine  simulation  to pro- 
vide  the  exit   conditions of the i n l e t .  

+<J-,/:T NORMAL SHOCK -OVERBOARD BYPASS 

- ENGINE 

STATION 0 0‘ 1 2  3 

Figure 5 Idealized Mixed Compression I n l e t  
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INTEtiRATED CONTROL DESIGN APPROACH 

A mu l t i va r iab le   con t ro l   des ign   t echn ique ,   based   on   L inea r   Quadra t i c  Re- 
gu la to r   (LQR)   theory ,  was a p p l i e d   t o   t h e   d e s i g n   o f   t h e   i n t e g r a t e d   c o n t r o l  mode 
f o r   t h e   i n l e t / e n g i n e .   T h i s   t e c h n i q u e   p r o v i d e s  a s y s t e m a t i c   p r o c e d u r e   f o r  de- 
s i g n i n g   a l  l cross-coupled  loops  that   are  employed i n  an i n t e   r a t e d   c o n t r o l  
mode and assures  advantageous  use o f   t h e s e   c r o s s - c o u p l i n g   e f  7 ec ts .   S ince   the  
LQR m u l t i v a r i a b l e   c o n t r o l   d e s i g n   t e c h n i q u e   i s  a l i n e a r   t e c h n i q u e ,   t h e  non- 
l i nea r   equa t ions   rep resen t ing   t he   eng ine   mus t   be   l i nea r i zed  and combined w i t h  
t h e   l i n e a r   e q u a t i o n s   r e p r e s e n t i n g   t h e   i n l e t .   A c c o m p l i s h i n g   t h i s   r e q u i r e d  de- 
f i n i t i o n   o f   t h e   s t a t e ,   c o n t r o l  and o u t p u t   v a r i a b l e s   f o r   t h e   e n g i n e  and i n l e t .  
Genera l ly ,  i t  i s   n o t   d e s i r a b l e   t o   i n c l u d e   e v e r y   s t a t e   v a r i a b l e   i n   t h e   e n g i n e  
s i n c e   t h i s  can r e s u l t   i n  an unnecessar i l y   complex   con t ro l   sys tem;   i .e . ,   the  
LQR techn ique   de te rm ines   con t ro l   f eedback   ga ins   f rom  eve ry   s ta te   va r iab le  
se lec ted   t o   rep resen t   t he   sys tem.  A more e f f e c t i v e   a p p r o a c h   i s   t o   r e c o g n i z e  
t h e   f r e q u e n c y   r a n g e   o v e r   w h i c h   a c t i v e   c o n t r o l   i s   r e a l l y   d e s i r e d ,   o r   p o s s i b l e ,  
and simp1 i f y  t h e   s t a t e   v a r i a b l e   r e p r e s e n t a t i o n   t o   i n c l u d e   o n l y   t h o s e   s t a t e s  
assoc ia ted   w i th   eng ine   dynamics  i n   t h i s   f r e q u e n c y   r a n g e .  

Based on such   cons ide ra t i ons ,   t he   s ta te ,   con t ro l  and o u t p u t   v a r i a b l e s  
shown i n   t a b l e  I 1  w e r e   s e l e c t e d   f o r   t h e   i n l e t /   e n g i n e   r e p r e s e n t a t i o n .  Even 

TABLE I 1  - STATE, CONTROL, AND OUTPUT VARIABLES 

X - STATE VARIABLES U - CONTROL VARIABLES Y - OUTPUT VARIABLES 
“ _ ~ I  

XI - LOW  ROTOR SPEED U 1  - M A I N  BURNER FUEL Y 1  - LOW ROTOR SPEED 
FLOW 

X2 - HIGH ROTOR SPEED U2 - CORE EXHAUST Y2 - HIGH ROTOR SPEED 
NOZZLE AREA 

X3 - MAIN BURNER PRESS. U3 - DUCT EXHAUST Y3 - ENGINE PRESS. R A T I O  
NOZZLE AREA 

X4 - CORE STREAM U4 - COMPRESSOR STATOR Y4 - NORMAL SHOCK 
EXHAUST PRESS. VANES P O S I T I O N  

X5 - DUCT STREAM PRESS. U5 - FAN STATOR VANES Y5 - FAN PRESS. R A T I O  

X6 - NORMAL SHOCK U6 - INLET BYPASS DOOR Y6 - COMPRESSOR PRESS. 
POSIT I O N  AREA RATIO 

X7 - INLET SUBSONIC 
SECTION TEMP. 

X8 - INLET SUBSONIC 
SECTION PRESS. 

Y7 - INLET SUBSONIC 
SECTION PRESS. 

Y8 - H I G H  TURBINE 
INLET TEMP. 

X9 - INLET SUBSONIC 
SECTION AIRFLOW 

Y9 - THRUST 
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though a l l   o f   t h e   i n l e t   s t a t e   v a r i a b l e s   a r e   a s s o c i a t e d   w i t h   h i g h   f r e q u e n c y  
dynamics, i t  i s  necessary t o   i n c l u d e   s e v e r a l   o f  them  s ince   con t ro l   o f   the  
shock p o s i t i o n   r e q u i r e s   r e l a t i v e l y   h i g h   f r e q u e n c y   r e s p o n s e   c o n t r o l   l o o p s .  The 
i n l e t   s t a t e   v a r i a b l e s   a s s o c i a t e d   w i t h   t h e   s u p e r s o n i c   f l o w   s e c t i o n   w e r e   e l i -  
m ina ted   s ince  i t  was f o u n d   t h a t   f e e d b a c k   o f   t h e s e   v a r i a b l e s   d i d   n o t   c o n t r i b u t e  
s i g n i f i c a n t l y   t o   e f f e c t i v e   c o n t r o l   a c t i o n .  The f i r s t   s i x   o u t p u t   v a r i a b l e s  were 
s e l e c t e d   t o   b e   c o n s i s t e n t   w i t h   t h e   r e f e r e n c e   v a r i a b l e s  shown i n   t h e   c o n c e p t u a l  
c o n t r o l  mode i n   f i g u r e  4. 

U s i n g   t h e s e   s t a t e ,   c o n t r o l  and o u t p u t   v a r i a b l e s   t h e   i n l e t /   e n g i n e   s i m u l a -  
t i o n  was l i n e a r i z e d   a t  a s u p e r s o n i c   f l i g h t   c o n d i t i o n   c o r r e s p o n d i n g   t o  an a l t i -  
t u d e   o f  16,800 m (55000 f t )  and a Mach number o f  2.3. T h i s   l i n e a r i z a t i o n   r e -  
s u l t e d   i n  a s t a t e   v a r i a b l e   r e p r e s e n t a t i o n   o f   t h e   s y s t e m   c o n s i s t i n g   o f   t h e   f o l -  
l o w i n g   t w o   m a t r i x   e q u a t i o n s :  

6 X  = A 6 X  + B 6  U 

6Y = C 6 X  + D 6  U 

The n e x t   s t e p   i n   t h e  LQR c o n t r o l   s y n t h e s i s   p r o c e d u r e   i s   t o   d e f i n e  a p e r -  
formance  index as a measure o f   t h e  goodness o f   t h e   c o n t r o l   e f f e c t i v e n e s s .  A 
q u a d r a t i c   p e r f o r m a n c e   i n d e x   o f   t h e   f o l l o w i n g   f o r m   i s   r e q u i r e d   f o r   t h e  LQR syn- 
t h e s i s   t e c h n i q u e   t o   s o l v e   t h e   " o u t p u t   r e g u l a t o r "   p r o b l e m .  

T T 
Performance  Index = J (  6 U) = 6Y Q S Y  + 6 U   R 6 U   d t  1 

M i n i m i z a t i o n   o f   t h i s   p e r f o r m a n c e   i n d e x   r e s u l t s   i n   " o p t i m a l   t r a n s i e n t   p e r -  
formance" as determined  by  the  se lected  va lues i n   t h e  Q and R w e i g h t i n g   m a t r i -  
ces  on t h e   o u t p u t  and con t ro l   va r iab les ,   respec t i ve l y .   Fo r   examp le ,   p lac ing  a 
h i g h   w e i g h t i n g  on  shock p o s i t i o n  will i m p r o v e   c o n t r o l   r e g u l a t i o n   o f  shock 
pos i t i on .   W i th   t he   pe r fo rmance   i ndex   de f i ned ,   t he   "ou tpu t   regu la to r   p rob lem"  
i s  so lved by s o l v i n g   t h e   m a t r i x   R i c c a t i   e q u a t i o n   f o r   t h e   s t e a d y   s t a t e   v a l u e  of 
K.  

A -I? = KA + ATK - GTRG + CTQC 

A 
where R = R + DTQD 

A 
and G = R - 1  (DTQC + BTK) 

The m a t r i x  I; i s   t h e   m a t r i x   o f   f e e d b a c k   g a i n s   f r o m  each s t a t e   v a r i a b l e   t o  
each c o n t r o l   v a r i a b l e .  

R e f e r r i n g  back t o   f i g u r e  4, i t  can  be  seen t h a t   i n t e g r a t o r s   a r e   d e s i r e d  on 
e a c h   c o n t r o l   v a r i a b l e   t o   m a i n t a i n   z e r o   e r r o r s   b e t w e e n   r e f e r e n c e  and sensed  en- 
g i n e   v a r i a b l e s   d u r i n g   s t e a d y   s t a t e   o p e r a t i o n .   N o t e   t h a t   t h e   r e f e r e n c e   v a r i a -  
b l e s   f o r   f a n  match,  compressor  match and shock p o s i t i o n  were   rep laced   w i th   f an  
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p r e s s u r e   r a t i o ,   c o m p r e s s o r   p r e s s u r e   r a t i o  and ac tua l   no rma l   shock   pos i t i on   f o r  
t h i s   s t u d y .   T h e s e   i n t e g r a t o r s   w e r e  accommodated by   i nc lud ing   t hem as a d d i t i o n -  
a l   s t a t e   v a r i a b l e s   a l o n g   w i t h   t h e   i n l e t / e n g i n e   s t a t e   v a r i a b l e s ,  and s o l v i n g  
t h e   m a t r i x   R i c c a t i   e q u a t i o n   f o r   t h e   c o n t r o l   f e e d b a c k   g a i n s   f r o m   t h e   c o m p l e t e  
s e t   o f   s t a t e s .   T h i s   a p p r o a c h   r e s u l t s   i n  a s o l u t i o n   f o r   t h e  G mat r ix   wh ich   can  
be  broken down i n t o  a G1 m a t r i x  f o r  t h e   i n l e t / e n g i n e   s t a t e s  and a 62 m a t r i x  
f o r   t h e   c o n t r o l   i n t e g r a t o r s  as shown i n   f i g u r e  6. 

19x61 

19x11 

u -  1 6u '  + x 6 x  
B C 

5 I S 

19x91 

GZ I 
16x61 I A 19x91 LINEAR  INLETIENGINE I 

F i g u r e  6 S o l u t i o n   o f   t h e   M a t r i x   R i c c a t i   E q u a t i o n   D e t e r m i n e s   t h e  G 1  and 62 
Feedback   Ga in   Mat r i ces   f rom  the   In le t /Eng i  ne and C o n t r o l   S t a t e  
Var i ab1 es 

The r e s u l t i n g   c o n t r o l  mode s t r u c t u r e   i s   n o t   e q u i v a l e n t   t o   t h a t  shown i n  
f i g u r e  4. To o b t a i n   t h i s   s t r u c t u r e   r e q u i r e s  a t r a n s f o r m a t i o n   o f   t h e   c o n t r o l  
g a i n   m a t r i c e s  G1 and G2 t o   t h e  new m a t r i c e s  H, L1  and  L2 o p e r a t i n g  on t h e   o u t -  
p u t   v a r i a b l e s  Y .  D e f i n i n g   t h e   d i f f e r e n t i a l s  6 U  and 6 Y  as 

6 U  = U - U r e f  

6Y = Y - Y r e f  

a l lows  imp lementa t ion  o f  t h e   c o n t r o l  system, as shown i n   f i g u r e  7, on a non- 
l i  near i n l   e t / e n g i  ne s i m u l   a t i  on f o r   e v a l   u a t i  on o f   s m a l l   p e r t u r b a t i o n   r e s p o n s e  
a t   t h e   s e l e c t e d   o p e r a t i n g   p o i n t .  

The L2 g a i n   m a t r i x   i s   r e q u i r e d  i f  t h e  number o f   s t a t e   v a r i a b l e s   i s   l a r g e r  
t h a n   t h e  number o f   c o n t r o l   v a r i a b l e s .   T h i s  can  be  seen  more c l e a r l y   b y   c o n s i -  
d e r i n g   t h e  summary o f   t h e   m a n i p u l a t i o n s   d i s c u s s e d  above. F i r s t ,   t h e   c o n t r o l  
design  procedure  determines a c o n t r o l   f e e d b a c k   g a i n   f r o m   e v e r y   s t a t e   v a r i a b l e  
t o   e v e r y   c o n t r o l   v a r i a b l e ;  i.e., t h e  G m a t r i x   o r   t h e  G1, and 62 m a t r i c e s .  Then 
a se t   o f   independent   ou tpu t   o r   observed  var iab les   (wh ich   can   be   sensed) ,   equa l  
i n  number t o   t h e  number o f   s t a t e   v a r i a b l e s ,   i s   s e l e c t e d   t o   r e p l a c e   t h e   s t a t e  
v a r i a b l e s ;  i. e., t h e   s e t   o f   s t a t e   v a r i a b l e s ,   s e l e c t e d   f o r   c o n v e n i e n c e   o f  
ana lys i s ,  may n o t   a l l  be   eas i l y   measured  o r  may n o t   b e   e q u a l   t o   t h e   r e f e r e n c e  
v a r i a b l e s   d e s i r e d   f o r   c l o s i n g   t h e   i n t e g r a l   c o n t r o l  1 oops. In t h i s   i n t e g r a t e d  
c o n t r o l  mode, s i x   r e f e r e n c e   v a r i a b l e s   a r e   s e l e c t e d   f o r   d r i v i n g   t h e   c o n t r o l   i n -  
t e g r a t o r s   t o   o b t a i n   t h e   d e s i r e d   s t e a d y   s t a t e   o p e r a t i n g   p o i n t .  Thus, t h e   f i r s t  
s i x   o u t p u t   v a r i a b l e s   m u s t  be t h e  same as t h e   s i x   r e f e r e n c e   v a r i a b l e s .   T h i s   i n  
t u r n   a l l o w s   t h e   m a n i p u l a t i o n   o f   t h e   c o n t r o l   g a i n   m a t r i c e s   i n t o   t h e   s t r u c t u r e  
shown i n   f i g u r e  7 w i t h   t h e  L1  and H m a t r i c e s   a c t i n g  on t h e   f i r s t   s i x   o u t p u t  
e r r o r   t e r m s .  The  L2 m a t r i x   t h e n   o p e r a t e s   o n   t h e   l e f t o v e r   o u t p u t   v a r i a b l e s .  

I 
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F i g u r e  7 T r a n s f o r m a t i o n   o f   t h e   C o n t r o l  Mode S t r u c t u r e   t o   I n t e g r a l  and 
P r o p o r t i o n a l   C o n t r o l   P a t h s  

I f  t h e   k e y   i n l e t / e n g i n e   v a r i a b l e s  have  been  chosen f o r   t h e   f i r s t   s i x   c l o s -  
ed l o o p   c o n t r o l   p a t h s ,   t h e n  many o f   t h e   r e m a i n i n g   p a t h s   w o r k i n g   t h r o u g h   t h e  L2 
m a t r i x  will p r o b a b l y   b e   i n s i g n i f i c a n t  and  be a b l e   t o   b e   i g n o r e d .  If a l l   o f  
these  paths  can  be  ignored,   then  the  cont ro l  mode s t r u c t u r e   r e d u c e s   c o m p l e t e l y  
t o   t h a t   d e s i r e d   i n   f i g u r e  4. Th is   comple te   p rocess   o f  mode s t r u c t u r e   m o d i f i c a -  
t i o n  and e l i m i n a t i o n   o f   i n s i g n i f i c a n t   g a i n   t e r m s  was n o t   c a r r i e d   o u t   d u r i n g  
t h i s   b r i e f   s t u d y .  A p a r t i a l   t r a n s f o r m a t i o n   o f   t h e   g a i n   m a t r i c e s  was  made, as 
shown i n   f i g u r e  8, w h i c h   f e e d s   b a c k   t h e   f i r s t   s i x   o u t p u t   v a r i a b l e s   f o r   f o r m i n g  
t h e   i n t e g r a t o r   e r r o r   t e r m s ,   b u t   r e t a i n s   t h e   r e m a i n d e r  of the  feedbacks  f rom 
t h e   i n l e t / e n g i n e   s t a t e   v a r i a b l e s .  All s imu la t i on   runs   were   t hen  made w i t h   a l l  
e lemen ts   o f   t he   ga in   ma t r i ces   re ta ined .  

INTEGRATED  CONTROL TRANSIENT PERFORMANCE 

The LQR c o n t r o l   d e s i g n   t e c h n i q u e  was used t o   d e f i n e   t h e   f e e d b a c k   c o n t r o l  
g a i n s ,   p r e v i o u s l y   d i s c u s s e d ,   a t   t h e  16800 m (55000 f t )   a l t i t u d e ,  2.3 Mach num- 
b e r   f l i g h t   c o n d i t i o n   f o r   t h e   f u l l y   i n t e g r a t e d   c o n t r o l  mode. These  gains  were 
then  implemented  on  the  nonl inear   in le t /engine  dynamic  s imulat ion,  as i n d i c a t -  
ed i n   f i g u r e  8, t o   e v a l u a t e   s m a l l   p e r t u r b a t i o n   t r a n s i e n t s   a b o u t   t h e   s t e a d y  
s t a t e   o p e r a t i n g   p o i n t .  A n o n - i n t e g r a t e d   c o n t r o l  mode was a l s o   d e s i g n e d   f o r  
c o m p a r i s o n   w i t h   t h e   i n t e g r a t e d   c o n t r o l  mode i n   o r d e r   t o   e v a l u a t e   o p e r a t i o n a l  
b e n e f i t s   a s s o c i a t e d   w i t h   t h e   i n t e g r a t e d   c o n c e p t .   T h i s   n o n - i n t e g r a t e d   c o n t r o l  
was deve loped  by   app ly ing   the  LQR c o n t r o l   d e s i g n   t e c h n i q u e   t o   d e t e r m i n e   t h e  
f e e d b a c k   c o n t r o l   g a i n s   f o r   t h e   e n g i n e   b y   i t s e l f .  Then a s i n g l e - i n p u t ,   s i n g l e -  
o u t p u t   c o n t r o l   l o o p  was d e s i g n e d   f o r   t h e   i n l e t   t o   c o n t r o l  shock p o s i t i o n   w i t h  
i n l e t  bypass  doors. 

F i g u r e  8 P a r t i a l l y   T r a n s f o r m e d   C o n t r o l  Mode S t r u c t u r e  Used f o r   T r a n s i e n t  
Eva1 u a t i  ons 
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Two types   o f   smal l   per tu rba t ion   t rans ien ts  were  evaluated on the  dynamic 
s i m u l a t i o n   w i t h   t h e   i n t e g r a t e d  and non- in tegrated  cont ro l  modes.  The f i r s t  
cons i s ted   o f  a 1 percent   pu lse i n  ambient  pressure  of 0.04 second d u r a t i o n   t o  
s imulate an external   d isturbance  such as a wind  gust. The second consis ted of  
a step change i n  duct   burner   fue l   f low  to   s imulate a duc t   bu rne r   l i gh t -o f f .  
For   th is   s tudy,  i t  was a lso assumed t h a t   a l l   s t a t e   v a r i a b l e s   i n c l u d i n g  shock 
p o s i t i o n  were d i r e c t l y  measurable. 

T rans ien t   p lo t s   o f  shock p o s i t i o n  and i n l e t  bypass  door  area fo r   t he   p res -  
su re   pe r tu rba t i on   t rans ien ts   f o r   bo th   con t ro l  modes are shown i n   f i g u r e  9. 
For   both  the  in tegrated and non- in tegrated  cont ro l  modes t h e   d e v i a t i o n   i n  
shock pos i t ion   towards   uns tar t  was approximately  the same. The i m p l i c a t i o n  i s  
t ha t   t he   i n teg ra ted   con t ro l  mode i s   n o t   p r o v i d i n g  any b e t t e r   c o n t r o l  of  shock 
pos i t ion   than  the   non- i   n tegra ted   con t ro l .  In f a c t ,   t h e   i n t e g r a t e d   c o n t r o l   r e -  
s u l t s  show bypass  door  area  moving more than i n   t h e   n o n - i n t e g r a t e d   c o n t r o l  
case t o   r e s u l t   i n   t h e  same q u a l i t y  of  shock p o s i t i o n   c o n t r o l .   T h i s   i s   t h e o r i z -  
ed t o   r e s u l t  f r o m  the manner i n  which  the  engine i s  b e i n g   c o n t r o l l e d   i n   b o t h  
cases. 
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Figure 9 Trans ient  Response t o  an Ambient  Pressure  Pulse 

Re fe r r i ng  back t o   f i g u r e  4, i t  i s  seen that  the  reference  parameters  for  
the  engine,  i.e.,  the f i r s t   s i x   o u t p u t   v a r i a b l e s ,   a r e   s u c h   t h a t   r e g u l a t i n g   t o  
these  var iab les   resu l ts  i n  accura te   con t ro l   o f   eng ine   cor rec ted   a i r f low.  Thus, 
t he   eng ine   con t ro l   po r t i on   o f   bo th   con t ro l  modes responds  rap id ly   to  changes 
i n  ambient   pressure  s ince  th is  has an immediate e f f e c t  on the  engine  reference 
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var iab les.  The r e s u l t  i s  r a p i d  movement o f   eng ine   con t ro l   va r iab les   t o   res to re  
cor rec ted   a i r f low  opera t ion .   Th is ,  i n  t u r n ,   c o n t r i b u t e s   d i r e c t l y   t o   m i n i m i z i n g  
shock pos i  ti on movement. 

The f a c t   t h a t   t h e   i n t e g r a t e d   c o n t r o l  mode  made more  use o f   t h e  bypass  door 
area  would  imply   that   the  engine  cont ro l   por t ion  o f   the  in tegrated mode  was 
no t  as wel l   tuned as the   eng ine   con t ro l   fo r   the   non- in tegra ted   con t ro l  mode. 
I n   o t h e r  words, the  weight ing  ga ins i n   t h e  performance  index  would have t o  be 
changed i n   t h e   d e s i g n   p r o c e d u r e   f o r   t h e   i n t e g r a t e d   c o n t r o l  mode t o  reduce i t s  
dependence on bypass  doors. These i t e r a t i o n s   o f   t h e   c o n t r o l   d e s i g n  were no t  
c a r r i e d   o u t   d u r i n g   t h i s   s t u d y .  

R e s u l t s   o f   t h e   d u c t   b u r n e r   l i g h t - o f f   t r a n s i e n t s   f o r   b o t h   c o n t r o l  modes are 
shown i n   f i g u r e  10. The in teg ra ted   con t ro l  mode r e s u l t s   i n   l e s s  movement o f  
shock p o s i t i o n   w i t h   l e s s  use o f  bypass  doors  than does the  non- in tegrated 
mode. These r e s u l t s   i n d i c a t e   t h a t   t h e r e   i s  a p o t e n t i a l   b e n e f i t   o f  an i n t e g r a t -  
ed c o n t r o l  mode i n  terms o f   m i n i m i z i n g  use o f   t h e   i n l e t  bypass  doors f o r  shock 
p o s i t i o n   c o n t r o l .  

To eva lua te   t h i s   po ten t i a l   bene f i t   f u r the r   wou ld   requ i re   add i t i ona l   ana ly -  
s i s  o f   b o t h   t h e   i n t e g r a t e d  and non- in tegra ted   con t ro l  modes. 
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Figure  10 Transient  Response t o  a Duct  Burner  Light-Off 
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CONCLUSIONS 

The conceptual  integrated  control mode, for  an Advanced Supersonic  Trans- 
port  propulsion  system,  evaluated  in this  study, makes use of several  cross- 
coupling pa ths  between in l e t  and engine control  variables and in le t  and engine 
sensed  vari ab1 es. Design  of the  control loop gains and dynamic compensation 
fo r  such a control mode can  be effect ively accomplished ut i l iz ing a multivari- 
able  control  design  technique based on Linear  Quadratic  Regulator Theory. Such 
i ntegrated  control modes  may provide  operational and performance benefits such 
as minimizing the use of in le t  bypass doors for  shock position  control. 
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PROPULSION CONTROLS 

A LOOK INTO THE  FUTURE 

Ronald D. Hackney 
Pratt & Whitney  Aircraft  Group 
Government Products  Division 

SUMMARY 

Increased  system  requirernenh  and  functional  integration wit.h t,he  aircraft.  have  placed  an  increased 
demand on  control  system  capability  and  reliability.  To  provide  these  at.  an  affordable  cost  and  weight  and 
because of the  rapid  advances  in  electronic  technology,  hydromechanical  systems  are  being  phased  out  in 
favor of digital  electronic  systems.  The  transition is expected  to  be  orderly  from  electronic  trimming of 
hydromechanical  controls  to  full  authority  digital  electronic  control. 

INTRODUCTION 

Alvin  Toffler  in  his  book Future Shock said - “We’re all aboard a train  which is gathering  speed, 
racing  down  a  track  on  which  there  are  an  unknown  number of switches  leading  to  unknown  destinations. 
Most of us  are  in  the  caboose  looking  backward.” 

This  can  be  expecially  true  for  the  propulsion  control  where  there  are at least two  outside  influences, 
engineers,  directing  the  train.  These  are  the  airframe  and  electronics  industries.  The  airframe  industry 
provides  requirements.  The  electronic  industry  provides  t.echnology. 

Future  propulsion  system  controls will be  highly  reliable  full  authority  digital  electronic  with  selected 
component  and  circuit  redundancy  to  provide  the  required  safety  and  reliability.  Redundancy  may  include 
a complete  backup  control of a different  technology  for  single  engine  applications.  The  propulsion  control 
will be  required  to  communicate  rapidly  with  the  various  flight.  and  fire  control  avionics as part of an  
integrated  control  concept. 

Development of the  technology  for  advanced  control  systems will continue  to  evolve  in  the  ongoing 
progression  from  hydromechanical  controls  to  prime  reliable  digital  electronic  control  systems  for  advanced 
aircraft  in  the  late 1980’s and  1990’s. Par t  of this  t,echnology  progression  has  already  taken  place  with 
programs  supported  by  government  and  indust,ry.  Two  such  programs  have  been  the  Full  Authority  Digital 
Electronic  Control  (FADEC)  program  and  the  Int,egrat.ed  Propulsion  Cont,rol  System  (IPCS)  program.  The 
FADEC  program  engine  tested  advanced  technology  control  hardware.  The  IPCS  program  has  developed 
and  tested  an  integrated  inlet/engine/nozzle  integration  concept  in  the  F-111  aircraft,.  A  pianned  NASA 
program,  Integrated  Aircraft  Control  Technology, will develop  a  dedicated F-15 flight  test  vehicle  for 
integrated  aircraft/propulsion  control  research. 

CURRENT  TECHNOLOGY 

An ear ly   s tep   a t   Pra t t  & Whitney  Aircraft  was  the  use of a  limit,ed  aut.hority  supervisory  digital 
electronic  control  and a full  function  hydromechanical  control  unit  for  t,he FlOO engine.  This  combination 
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allowed the  realization of some of the  benefits of digital  electronic  controls  while  maintaining  the  proven 
reliability of the  hydromechanical  control. 

The  FlOO afterburning  turbofan,  illustrated  in  Figure No. 1, is  representative of current high 
technology  engines. The  FlOO is a low bypass  ratio,  twin-spool,  axial flow, augmented  turbofan  engine.  The 
control,  basically  hydromechanical  with  digital  electronic  trim,  sets  performance by  cont.rolling the  inlet 
guide  vanes,  compressor  variable  stators!  compressor  bleeds,  main  burner  fuel,  augmentor  fuel  and  exhaust 
nozzle area. As the engine/control  system  is  reaching  maturity,  the  electronic  t,rim  control  reliability  and 
responsibility is increasing  dramatically. In fact,  current  digital  electronic  reliability  exceeds  that of the 
hydromechanical.  This  same  kind of supervisory  system is currenbly  being  developed for advanced  JT9D 
and  JTlOD  commercial  engines. A full  function  hydromechanical  unit is included in these  control  systems 
to provide the confidence  necessary to  introduce  digital  electronic  controls  into  commercial  service. 

TECHNOLOGY EVOLUTION 

Hydromechanical  systems  are  being  phased  out in favor of the  more  capable  electronic  systems. An 
orderly  transition  is  expected  over  the  next  ten  years  as  illustrated in Figure  No. 2. First  generation 
electronics - Electronic  Engine  Control  (EEC) - act  as  a  trim on the FlO0 hydromechanical  control. 
Second  generation  electronics - Digital  Electronic  Engine  Control  (DEEC)  act as a full authority  control, 
but  utilize  a  hydromechanical  backup  control.  Third  generation  electronics - Full  Authority  Digital 
Electronic  Control  (FADEC) - provide  primary  and  backup  control. 

The major  obstacle to  universal  acceptance of electronic  systems is their relatively  high  failure  rate 
while operating  under  severe  environment.al  stress.  Simple  engines  can be controlled by hydromechanical 
devices that  have  demonstrated  much higher  reliability  than  current  electronic  computation  devices. 
However, as  computational  complexity  increases,  the  reliability of hydromechanical  devices  decreases  more 
rapidly  than  that of the  electronic  devices.  The  electronic  control syst.em is projected to be more  reliable 
than  hydromechanical  systems for the engines of the 1980’s. 

Several  research  and  development  programs  are  being  conducted  to  evaluate  the  reliability o f  full  
authority  digital  electronic  systems when subjected  to  the  environment of JT8D  and .JT9D engines. For mid- 
term  transport  applications,  a  dual  channel  approach is being  evaluated  to  provide  acceptable  system 
failure  accommodation.  A  single  channel full authority  Digital  Electronic  Engine  Control  (DEEC) in 
combination  with  a  limited  capability  hydromechanical  backup  control is being  developed for advanced 
FlOO engines.  A  full authority  digital  electronic  control  was  also  tested for an  integrated  inlet/engine/nozzle 
system  in F-111 aircraft  under  the  Integrated  Propulsion  Control  System  (IPCS)  program. 

Further  development of electronic  control  technology is being  conducted  under  the  Navv Full 
Authority  Digital  Electronic  Control  (FADEC)  program.  The  Pratt & Whitney  Aircraft  FADEC  design 
features  two  processors in one box, selected  redundancy,  parameter  synthesis,  and  built-in-test to  provide 
a  high  degree of fault  tolerance.  Advanced  component  technology used in the  Pratt & Whitney  Aircraft 
FADEC  design  is  based  upon  projections for production of a  control  system i n  the mid-1980  time  frame. For 
example,  both  central  processors will be  implemented  with  three very large  scale  integration (VLSI), silicon- 
on-sapphire (SOS) complementary  metal-oxide  semiconductor  (CMOS) devices. This degree will represent 
a  significant  technology  improvement over an  existing 11 chip LSI CMOS processor design,  and  indicates 
the  rapid  trend  toward  greater  packaging  density,  higher  reliability,  and  improved  computational 
capability. 

Another  program  being  conducted  as  part of NASA’s Energy  Efficient  Engine  (E3)  program is 
identifying  control  technology  areas  requiring  development.  Programs like FADEC  and E3 should  continue 
because  as  automatic  controls  become  more  commonplace in the  consumer  market,  industrial  research will 
focus  more  on that  need  and less  on the  special  needs of t.he aerospace  industry. 
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Electronic  control  system  reliability will be  enhanced by electronic  controls  with  internal  fault 
detection,  parameter  synthesis,  and  switching logic tha t  will transfer  data  and cont,rol functions for fail- 
operational  performance.  Electronic  controls  today  are  structured  around  a  multi-chip  processor.  The  cost 
of this processor will continue  to  drop  as  more complex  architecture  and  instruct.ions  are  included  on  each 
chip. As illustrated  in  Figure No. 3, cost  per  calculation is decreasing a t  a 50% per  year  rate. A significant 
improvement  in  reliability will also follow with  development of a  single chip microprocessor and  the 
associated  reduction  in  external  circuit  connections. 

As illustrated  in  Figure No. 4, a  propulsion  control  system is not. just  an  electmnic box, but  consists of 
many  other  varied  components  which  are  optimized  as  a  system  to  meet.  t,he  system goals. I t  is important 
to  continue technology  development for all  components of the comp1et.e propulsion  control  syst.em to  make 
possible the  optimization of performance,  weight,  cost,  reliability,  maint,ainabilit.y  and  other  operating 
benefits. Important  hardware  considerations  include  the  advanced out.put.  int.erfaces,  advanced  sensors, 
control  system  environment,  integration,  and  electronic  and  component.  reliability. 

Further  research is required on advanced  output  interface devices  which  can  be  incorporated  into 
actuation  systems  to  provide  interfaces  that  are  more  compatible  with digit.al  comput.ers. An example of 
such  an  interface is the  pulse-width  modulated  solenoid,  developed for a  fuel  met,ering  valve  under  the 
NASA  Digital Output  Interface  (DOI)  program. New  sensing  devices for propulsion  system  parameters 
should  be  developed that  are  compatible  with  digital  controls  and will reduce  the  input  interface  hardware 
requirements. 

Optical  communication  has  been  proven  feasible  and cost  effective for aircraft use  by the  ALOFT 
study  and  demonstration  program.  Presuming  that  immunity from electromagnetic  interference is 
necessary,  optical data  links  that  are  suitable for use in the  engine  environment  must he developed.  Figure 
No. 5 illustrates  some  potential  advantages of optical  communication. Also, alt.ernate  interface 
configurations  such  as  multiplexing of feedback  signals  to  the  control  unit  and  locating power switching 
elements  away  from  the  computer  control  unit need t.o be pursued. 

Electronic  component  reliability is adversely  affected by increasing  temperatures.  Therefore, i t  is 
necessary to provide  cooling to  the  digital  electronic  control  unit,.  For  engine  mounted  control  systems,  t,his 
cooling may be provided  by  flowing  fuel  through  passageways in the control unit.  This  approach  may not be 
adequate  at  the  elevated  ambient  and fuel temperatures  encountered  during  supersonic  flight.  Therefore, 
research  into  alternate cooling approaches  should  be  conducted. 

System  integration of the  propulsion  and  airframe would  benefit.  from  cooperative  programs in which 
airframe  and  engine  manufacturers  consider: (1) supplying  data from  t.he aircraft,  central  air  data  computer 
to  the propulsion  system  controls; (2)  supplying  electrical  and  hydraulic power with  acceptable 
characteristics  from  the  aircraft power systems  to  the  propulsion  system  controls; (3) configuring the  control 
system  and  intersystem  communication  links  to  accommodate  such  problems  as  lightning  strikes,  EMI,  and 
common  mode  failures;  and (4) design of the  control  system  to  minimize  damage  resulting  from  engine  fires. 

A  single  channel  digital  control  with  selective  component  and  circuit  redundancy will result  in  a 
system of minimum  cost  and  complexity,  but  requires  considerable  substantiation  to  ensure  that  acceptable 
reliability levels will be  obtained  without  the  use of redundant  channels  or  backup  control  configurations. 
Technology  advances  are  therefore  required in the  area of digital  electronic  components  to  provide 
continuing  improvement in system  reliability. Design studies  are  also  required  to  determine how to  utilize 
advanced  technology  components  and  features  such  as  selective  redundancy  and  fault  tolerance logic to  
optimize  the  control  system  reliability. An  Air  Force sponsored  program,  “Digital  Electronic  Control  System 
Reliability,”  has  a goal to  establish  the  definition of a  Full  Authority  Fault-Tolerent  Electronic  Engine 
Control  (FAFTEEC)  system  that  has  significantly  better  reliability  than  any of the  electronic  or 
hydromechanical  alternatives  and  still  maintains  performance,  cost  and  weight  advantages.  Figure No. 6 
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illustrates  the  goals of this  program.  Selected  redundancy will be  ut,ilized to  minimize  mission 
costleffectiveness. 

Software  development  areas  include  propulsion  and flight. controls  int,egration  and  the  application of 
advanced  control  methods.  Because of the  flexibility  and logic programming  capability of full  aubhority 
digital  electronic  controls,  a  number of sophisticated  control  funct.ions  can be incorporated  which will 
promote  efficient  propulsion  system  operation,  reduce  pilot  workload,  improve  safety of operation, 
potentially  reduce  fuel  consumption,  and  make  t,he  control  system  less  sophisticated for the  user. For 
advanced  supersonic  transport  and  fighter  aircraft  applications,  further  technology  development is required 
in the  area of integrated aircraft/inlet./engine/nozzle control  modes.  Control  algorithms  should  be 
investigated  to  improve  the logic capability of the  digital  control  instead of implementing  hydromechanical 
control logic ir. electronic  boxes.  Technology  development would also  be  desirable for performance  seeking 
controls  and  integration  with  Engine Condit.ion  Monit.oring  functions.  Performance  seeking logic can be 
implemented  on-line  to  provide  improvements in propulsion  system  and  aircraft  system  performance 
through  optimization of control  variable  settings.  The  software  capability of the propulsion  control  can be 
used to provide data  to  an  engine  condition  monitor which analyzes  the  mechanical  health  and  compnnent 
efficiency of the  engine  to  provide  early  identification  and  prevention of problems,  thereby  reducing 
cperating  and  maintenance  costs. 

Closed  loop test  benches like the  one  illustrated in Figure No. 7 will be utilized  to verifv hardware  and 
software  concepts  even before engine  definition. As illustrated,  a  hybrid  computer  can  simulate  the  aircraft 
and  the  engine  components  that  “turn  and  burn” - compressors,  burners.  turbines,  augmentors,  etc. 
Control  components  are  driven  such  that  “real”  engine  operation is simulated. 

INTEGRATION 

The design of propulsion  systems  has  traditionally  been  based on the  primary objective of maximizing 
steady-state  performance of the t.otal  vehicle.  New  aircraft  designs  and  technology  advancements  are  giving 
designers  a great  range of aerodynamic  and  propulsive  capabilit.ies for interactive/integrated  force  controls. 
This  requires  that  the  configuration  be  visualized in terms of concepts  such as force production,  force 
distribution  and force management. Force  production  incorporates  aerodynamic  propulsive  interactive  force 
systems  such  as  in-flight  vectored  thrust,  in-flight  reversed  thrust,  jet  flaps  and  external blown flaps. Force 
distribution  includes  advanced  concepts  such as relaxed static  stability.  canards  and  maneuver  flaps. Force 
management  includes  features  such  as  flight  propulsion  control,  coupling  svstems.  maneuver load control, 
direct l if t  control,  direct  side force control,  energy  management  and  energy  maneuverability. 

Figure No. 8 illustrates  a few potential  next  generation  aircraft.  These  aircraft will dynamically  blend 
the control  functions of the weapon  system. An example would couple  flight  control,  propulsion  control  and 
laser  tracker  control  to  the  weapon  fire  control  with  the  object  being  to  maximize  aiming precision  or target 
range.  Performance  seeking cont.ro1 actions  could  be  supervised by the mission  control  system.  Algorithms 
could be selected to maximize  range,  minimize  time-to-target or maximize  flight  time.  Contributing  systems 
(flight,  propulsion,  navigation) could optimize  performance  while  simultaneously  observing  subsystem 
limits.  Research  to  define  these  blended  control  modes will require  cooperative  “team”  studies  to  assure  that 
each  subsystem is properly  represented  and  modeled  with  adequate  fidelity. 

CLOSING THOUGHT 

The technologies  supporting  control  system  evolution  draw  from a wide variety of disciplines.  While 
some of these  disciplines  are  paced by  progress within  the  aerospace  community,  most of them  are now 
heavily  influenced  by the  demands of the  consumer  industries. 
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As automatic  controls  become  more  commonplace  in  the  consumer  market,  industrial  research will 
focus  more  on that  need  and will respond  less  to  the  special  needs of aerospace  products.  Although  some 
consumer  products  and  techniques will be  adaptable  to  our needs, the  net  effect will be  a  requirement  to 
expend  more  research  dollars for aerospace  specialty  items. 

Research  money  alone will not, however,  reverse the  current  trend of specialty  industries  to  ignore or 
reject  the  aerospace  market.  Within  these  industries we see  a  rare  consensus  between  the  “managers”  and 
the  “innovators”  that  aerospace  products  are  not  worth  the  trouble. In addition  to  a low profit  margin,  the 
managers  see  a poor return on the  investment of time  and  limited  innovative  talent.  This  reinforces  their 
natural  desire  to  constrain  the  innovations  and  react  only  to  the  consumer  market.  The  innovators  are  not 
stimulated  because long range  military  missions,  plans  and  products  are  not  visible  to  them.  In  addition, 
their novel or revolutionary  ideas  are  frequently  “stonewalled”  by  Milit.ary  Specifications. 

There  are  many  other  factors  involved  in  this  problem  and  a  solut,ion is not  obvious.  Some  research 
effort  should  be  expended  to  define new planning,  budgeting  and  procurement,  procedures  plus new 
technology  management  methods  that will encourage  these  specialty  it,em  subcont.ract,ors to  participate in 
aerospace  product  development. 

BIBLIOGRAPHY 

Preprint, 1979 Propulsion  Controls  Symposium, NASA Lewis  Research  Center,  Cleveland,  Ohio,  May 
17-19, 1979. 

H. A. Rediess, Avionics,  Controls  and  Human  Factors  Technology  Plan, NASA  Draft. Summary 
Report,  June 1979. 

R. K.  Smyth, State  of the   Art   Survey of Technologies  Applicable  to  NASA’s  Aeronautics,  Aironics  and 
Controls  Programs, NASA Contractor  Report 159050, Cont,ract.  NASN-2961, May 1979. 

J. R.  Szuch, Control  Technology, Presented to NASA Lewis Research  Center  Aeropropulsion 
Conference,  Cleveland,  Ohio,  May 15-16, 1979. 

C. H. Borgmeyer, A Streamlined  Control  System  Development  Process, Presented to 
AIAA/SAE/ASME  15th  Joint  Propulsion  Specialist  Conference,  Las Vegas, Nevada,  June 18-20, 1979. 

C.  E.  Bentz  and J. R. Zeller, Integrated  Propulsion  Control  System  Program, SAE  Paper 730359, April 
1973. 

W. L. Webb,  R. J .  Miller  and  R. D. Hackney, Overview of the  Advanced  Engine  Control  Challenge  and 
Its  Impact  on  Flight  Controls, Presented to SAE Aerospace  Cont,rol and  Guidance  Systems 
Committee,  Cambridge,  Mass.,  Sept. 28, 1978. 

B. A. Barclay, T .  G. Lenox and  C. J. Bosco, Full  Authority  Digital  Electronic  Control - Highlights of 
Next  Generation  Propulsion  Control  Technology, ASME  Paper 78-GT-165. 

B. A. Barclay, FADEC - Digital  Propulsion  Control of the  Future,  AIAA Paper 76-652, July 1976. 

T. G. Lenox, Full  Authority  Digital  Electronic  Control, Phase I Final,  Prepared for Naval Air 
Propulsion  Center,  Contractor  Report N00019-76-6-0422, June 1978. 

53 



L. D. Emerson,  FlightPropulsion  Control  System for 1990 Applications,  Presented  to  Project  Squid, 
Purdue University, May 12, 1977. 

E .  Rachovitsky,  Opportunities in FlightPropulsion  Control  Coupling (FPCC), Presented  at  the  SAE 
Air Transportation  Meeting,  Dallas,  Texas,  May 1974. 

R. L. DeHoff, L. E.  Baker  and W. E. Hall,  Impact of Automated  Monitoring  on  Engine  Operations  and 
Support,  Presented  to  AIAAISAEIASME  15th  Joint  Propulsion  Conference,  Las Vegas, Nevada,  June 
18-20, 1979. 

J .  Bayati  and K. W. Williston,  An  Advanced  Fighter  Aircraft  Propulsion  Control  Concept,  Presented 
to AIAAISAE 13th  Propulsion  Conference,  Orlando,  Florida,  July 11-13, 1977. 

M. Athans,  Industrial  Liaison  Symposium at   MIT - Advances in Reliable  Control  Systems Design, 
October 19. 1977. 

F. J.  Hrach,  et  al., Design and  Evaluation of a  Sensor  Fail-Operational  Control  System  for  a  Digitally 
Controlled  Turbofan  Engine, NASA Report  TMX-3260,  December 1975. 

Advanced  Control  Technology and  Its Pot,ential for Future  Transport, Aircraft,, NASA Technical 
Memorandum,  NASA  TM-X-3409. 

M.  Endo, K.  Nishio, N. Sugiyama, T. Koshinuma  and Y. Matsuda, Resea.rch and Deue1opmen.t of 
Digital  Jet-Engine  Controls,  Paper  No. 60, Presented at   ASMEIJSME 1977 Tokyo  Joint  Gas  Turbine 
Conference. 

E. C.  Simpson  and R. J .  Hill,  The  Answer to the  “Engine”  Deficiency  Question, AIAA 1978. 

R. A. Howlett  and E. C.  Beattie,  Integrated  Control  Systems  for  Advanced  Supersonic  Engines. 

D.  Tesar,  Mission  Oriented  Research for Light  Machinery,  Science, Vol. 201, 8 September 1978. 

54  



F100 TURBOFAN WITH AUGMENTOR 
Air-Cooled 

Compressor Turbines 
,“-Afterburner 

v Electronic 
Control 

Variable 
Geometry Variable Convergent- 

Divergent Nozzle 

Figure No. 1 

ORDERLY TRANSITION 
TO ELECTRONIC CONTROL ~ 

3 FADEC 
DEEC 

EEC 

Control 

Figure No. 2 

55 



ELECTRONIC COST PER CALCULATION 
REDUCING 50% PER  YEAR 

C 
Calc 

Time 
Figure No. 3 

CONTROL  TECHNOLOGY/GOALS 

Increased Mission 
High Durability Effectiveness 

Transmission 

Figure No. 4 

5 6  



FLY BY LIGHT 

Engine  Cable Weight Reduced 
High Data Rate 
No Electromagnetic Interference 

Fail Gracefully 
Security - No Leakage 
Direct Communication With Computer 

Design by the 
Pilot’s Mother 

Lose Airplanes 

Redundancy 

Figure No. 6 

5 7  



CONTROL SYSTEM DEVELOPMENT/ 
INTEGRATION FACILITY 

Airframe L -  

".."" 
Nozzle 
Control 

\ 

Electronic 
Control 

" 

- 
Hybrid Computing Equipment 

c 

Enaine I 
1. 

I I  

q c t  Load uat ion 

System 

Pneumatic  Pressure  Generator A 
Augmentor Environmental  Chamber and Control 

Figure No. 7 



c 

5 9  



" 

I 



DIGITAL ELECTRONIC ENGINE CONTROL FOR FUTURE FIGHTER  AIRCRAFT 

Gary E. M i t c h e l l  
Propuls ion  Department  

McDonnell Aircraft Company 

ABSTRACT 

The evo lu t ion   o f  MCAIR'S e x p e r i e n c e   i n   a i r c r a f t   f l i g h t   c o n t r o l   s y s t e m s  w a s  
reviewed. The  development i l l u s t r a t e s   t h e   t r a n s i t i o n   f r o m   t h e  F-4 mechanical  
f l i g h t   c o n t r o l   s y s t e m   w i t h   a n a l o g   s t a b i l i t y   a u g m e n t a t i o n   t o   t h e  F-18 d i g i t a l  
e l ec t ron ic   f l y -by -wi re   sys t em.   The   r e su l t i ng   t echno logy   f rom  th i s   evo lu t ion  is 
d i r e c t l y   a p p l i c a b l e   t o   d i g i t a l   e l e c t r o n i c   c o n t r o l   f o r   a d v a n c e d   f i g h t e r   e n g i n e s .  
D i g i t a l   e l e c t r o n i c   c o n t r o l   p r o v i d e s   p o t e n t i a l   b e n e f i t s   f o r   t h e   p r o p u l s i o n   s y s -  
tem, w h i c h   i n c l u d e s   t h e   i n l e t ,   e n g i n e ,   a n d   n o z z l e .  It a l s o   f a c i l i t a t e s   c o n t r o l  
o f   v a r i a b l e - c y c l e   e n g i n e s   a n d   t h e   i n t e g r a t i o n   o f   t h e   p r o p u l s i o n   s y s t e m   w i t h  
o t h e r   a i r c r a f t   s y s t e m s .  The fundamenta ls   which   impact   ins ta l led   per formanceand 
r e sponse   o f   t he   p ropu l s ion   sys t em  p rov ide   base l ine   r equ i r emen t s   fo r   fu r the r  im- 
p rovemen t   due   t o   e l ec t ron ic   con t ro l .   O the r   des i r ed   bene f i t s   i nc lude   improved  
hand l ing ,   pe r fo rmance ,   and   s t ea l th  as w e l l  as reduced   opera t ions   and   suppor t  
c o s t s .  MCAIR e n v i s i o n s   f l i g h t - p r o p u l s i o n   c o n t r o l   c o u p l i n g   i n  a l l  advanced 
f igh te r s .   S tudy   o f  a t y p i c a l  a i r  s u p e r i o r i t y   f i g h t e r   i l l u s t r a t e s   t h e   e f f e c t  
t h a t   p o t e n t i a l   p r o p u l s i o n   s y s t e m   i m p r o v e m e n t s   h a v e   o n   t a k e o f f   g r o s s   w e i g h t   a n d  
l i f e   c y c l e   c o s t s .   P a y o f f s  are  a l s o   i d e n t i f i e d   f r o m   c u r r e n t  AFFDL and NASA s tud-  
ies on   i n t eg ra t ed   con t ro l .   These   i nc lude   c losed - loop   speed   con t ro l   u s ing  a 
t h r u s t  reverser and  energy management f o r   i n t e r c e p t .   F u r t h e r m o r e   i n - h o u s e  
V/STOL s t u d i e s   i l l u s t r a t e   t h e   s i g n i f i c a n c e   o f   i n t e g r a t i o n   i n   t h i s   a p p l i c a t i o n .  
F i n a l l y ,  a t y p i c a l   a i r f r a m e   a n d   e n g i n e   d e v e l o p m e n t   s c h e d u l e   i n d i c a t e s   t h e   t e c h -  
n i c a l   a n d   m a n a g e r i a l   c h a l l e n g e s   o f   i n t e g r a t e d   c o n t r o l   c o n c e p t s .   T h e  summary 
i n c l u d e s  a d e f i n i t o n   o f   t y p i c a l   c o n t r o l   s y s t e m   d e v e l o p m e n t   e v e n t s   a n d   t h e   t e c h -  
n i c a l   n e e d s   f o r   i n t e g r a t i o n  of t h e   a i r c r a f t   a n d   p r o p u l s i o n   s y s t e m s .  
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FUTURE A I R  FORCE  AIRCRAFT  PROPULSION  CONTROL  SYSTEMS - 

THE EXTENDED SUMMARY PAPER 

Char les  A. Skira 
A i r  Force   Aero   Propuls ion   Labora tory  

F u t u r e   m i l i t a r y   a i r c r a f t   p r o p u l s i o n   c o n t r o l   s y s t e m s  w i l l  b e   f u l l -  
a u t h o r i t y ,   d i g i t a l - e l e c t r o n i c ,   m i c r o p r o c e s s o r - b a s e   s y s t e m s .  By now, t h i s  
s h o u l d   n o t   s u r p r i s e   a n y o n e ,   i n   f a c t ,   f o r  someone who h a s   b e e n   c l o s e   t o   p r o -  
p u l s i o n   c o n t r o l   d e v e l o p m e n t ,   t h i s   s t a t e m e n t  is  wide ly   accep ted .  I f e e l  s i l l y  
j u s t   w r i t i n g  i t .  I f  you were l o o k i n g   f o r  a rea l  grabber   o f   an   opening   para-  
graph,  I ' m  s o r r y .  

The e v i d e n c e   i n   s u p p o r t   o f   s u c h  a b o l d   p r e d i c t i o n  is  overwhelming. Cur- 
r e n t l y   a n d   f o r   t h e   n e a r - t e r m   f u t u r e ,   p r o p u l s i o n   s y s t e m   p e r f o r m a n c e   i n c r e a s e s  
w i l l  b e  made t h r o u g h   t h e   e x p l o i t a t i o n  of advanced  variable  geometry  components.  
A s  shown i n   F i g u r e  1, u n l e s s   t h e r e  i s  a breakthrough  in   component   t echnology,  
pe r fo rmance   i nc reases  w i l l  r e s u l t   i n   a d d i t i o n a l   e n g i n e   c o m p l e x i t y .   I n   o t h e r  
words ,   t he   con t ro l   sys t em w i l l  have t o  c o n t r o l   m o r e   v a r i a b l e s ,   m o r e   c l o s e l y  
a n d   f a s t e r   t h a n   e v e r   b e f o r e .   H y d r o m e c h a n i c a l   c o n t r o l   t e c h n o l o g y   s i m p l y   c a n -  
n o t   c o m p e t e   a g a i n s t   t h e   p e r f o r m a n c e   b e n e f i t s   o f f e r e d   b y   e l e c t r o n i c s .  

TURBINE  ENGINE  TECHNOLOGY  DEVELOPMENT 

ENGINE 
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ADVANCED  DEMONSTRATOR 
TECHNOLOGY ENGINES 
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PERFORMANCE 
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6 3  

I 



Now tha t   t he   fu tu re   has   been   de f ined ,   wha t   shou ld   t he  A i r  F o r c e ' s   r o l e   b e  
in   the  development   of   these  systems?  Clear ly ,  w e  c a n n o t   e x p e c t   t o   b e g i n   t o  
develop new and  bet ter   microprocessors   and  associated  hardware.  It i s  d i f f i -  
c u l t   j u s t   t o   k e e p  up with  the  advances  in  computer  technology. However, w e  
can   beg in   t o   p l an   fo r   t he   day  when microprocessor  technology w i l l  pe rmi t   t he  
i n t e g r a t e d   c o n t r o l  and management of t h e   a i r c r a f t   f l i g h t   c o n t r o l ,   f i r e   c o n t r o l  
and  propulsion  control  systems  and  throw i n  maintenance  and  diagnostic  informa- 
t i o n   f o r   f r e e .  

T h e r e f o r e ,   i n   t h e  A i r  Force  Aero  Propulsion  Laboratory,  w e  have  concen- 
t r a t e d  on the  development   of   control   logic   a lgori thms  with  every  expectat ion 
t h a t   t h e y  w i l l  be   pu t   in to   workable   sof tware   u l t imate ly .  We are conf ident  
t h a t   d i g i t a l   e l e c t r o n i c   c o n t r o l s   s y s t e m s  w i l l  beg in  t o  rea l ly   payoff  when t h e  
f u l l   c a p a b i l i t y  and  power of the  microprocessor  i s  u t i l i z e d .  A t  t he  rate t h a t  
microprocessor   capabi l i ty  i s  expanding, w e  may never   be   ab le   to   use  i t  a l l .  
However, o u r   u l t i m a t e   g o a l   i n   t h e  area of logic  development i s  t o   b e   a b l e   t o  
accomplish real-time, adapt ive   cont ro l   o f   the  a i r c ra f t  propulsion  system.  For 
a p ropu l s ion   sys t em,   t h i s  i s  a chal lenging  problem  for   sure .  The present   pa th-  
way toward   ach iev ing   th i s   goa l  i s  t h e   s u b j e c t  of t h e  rest of t h i s   p a p e r .  

FUTURE PROPULSION CONTROL 

A I R F R A W  INLET 

w OPTIMIZATION 

I 1 

Figure 2 
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A schematic  of  the  propulsion  system  control  and  information  management 
system  is  shown  in  Figure 2. Single,  closed-loop  control  of  the  engine is 
shown  in  dark  lines.  The  dark  lines  indicate  which  part  of  the  control  and 
information  management  function  can  be  done  real  time  with  current  state-of- 
the-art  hardware  and  software  technology. In our  current  activities, we are 
developing  basic  control  logic  algorithms  based  on  linear  quadratic  synthesis 
techniques  and  various  schemes  based  on  filter  theory  for  sensor  failure 
detection  and  accommodation  and  to a limited  extent  actuator  failure  detection 
and  accommodation. At this  point  in  time,  actuator  failure  accommodation  con- 
sists  of  a  reversion  to an independent  back-up  control  system.  Just  how  to 
accommodate  an  actuator  failure  without  seriously  degrading  engine  performance 
by way of  reconfiguring  the  control  law  to  account  for  the  loss  of  controlla- 
bility  is  an  attractive  and  needed  research  area. 

Our  current  planned  research  activities  include an increasing  emphasis 
on  the  development  of  real-time  system  identification  techniques.  It  is 
obvious  to  us  that  this  is an extremely  important  and  vital  area  that will 
enable  us  to  develop a real-time  adaptive  control.  Research in this  area  has 
been  ongoing  with  the  initial  emphasis  on  identification  of  aircraft  handling 
qualities.  Research  in  developing  real-time  identification  methods  has  begun. 

With  the  knowledge  of  the  engine's  current  operating  characteristics, 
adaptive  control  techniques  can be implemented.  Such a scheme  would  involve 
on-line  optimization  based  on  continuous  observations  of  engine  operating 
parameters.  Adjustments  to  the  control  logic  would  then be made. 

System  identification  methods  may  also  be  used  for  engine  diagnostics. 
The  technique  would  isolate  a  faulty  engine  component  or  sensor  based  on  com- 
parisons  of  observed  engine  behavior  with  nominal  engine  behavior. The re- 
sults  of  such  an  analysis  could be used  to  trim  up  or  adjust  for  the loss in 
performance  by  way of an  adjustment  to  the  control  logic. A sensor  failure, 
for  example,  would  result  in  the  reconstruction of that  measurement  in  the 
signal  conditioning  logic so it  would  continue to operate  without  any  per- 
ceivable  change  in  performance.  In  any  event,  the  results  would  be  saved  and 
used  later  for  maintenance  purposes. 

As  shown  in  the  figure,  the  development  of  a  control  and  diagnostics 
capability is a  logical  evolution  of  such  an  approach.  Unfortunately,  the 
prevailing  opinion  of  Government  and  industry  is  that  the  integration  of  con- 
trol  and  diagnostics  is  revolutionary,  not  evolutionary.  In  an  industry  where 
change  is  both  painful  and  slow,  it  would  appear  easier  to  reduce  the  national 
debt.  Despite  the  internal  and  political  resistance,  which  is  great,  tech- 
nical  advancements  and a  carefully  orchistrated  effort  on  the  part  of  the 
Government  agencies  who  sponsor  research in this  area  may  just  pull  it  off. 

Such  a  system,  when  implemented,  would  involve  several  microprocessors 
working  together in parallel  being  monitored by  a master  control  or  super- 
visory  computer.  Such a concept of a  distributed,  microprocessor-based  control 
system  is  shown  in  Figure 3 .  What  looks  like  a  system  designer's  nightmare 
will have  to be another  area  of  intense  research  activity. The microprocessor 
is  breaking  down  the  conventional  divisions  between  software  and  hardware - 

65 



LARGE-SCALE  CONTROL 

DISTRIBUTED  SYSTEMS 

TELETYPE 
n n C RT 

I _I I S U P E R V I S O R Y 1  
I I 

PRINTER -/ 
PROCESSOR 

I 

. . .  

SENSORS 
ACTUATORS 

Figure 3 

the  new  definition  is  firmware.  Control  design  engineers  will  by  necessity 
become  electronics  engineers. 

Fortunately,  aircraft  propulsion  systems  will  not  lead  the way, already 
energy-minded  industries  involved  in  process  control  are  utilizing  micro- 
processors  to  optimize  system  efficiency  and  save  energy  costs.  However, 
the  engine  control  problem  is  unique  and will  require  more  foresight,  greater 
imagination  and  more  coordination  on  the  part  of  Government  and  industry  alike. 
Greater  emphasis will be placed  on  concept  demonstration  and  validation. A 
large  ongoing  commitment in terms  of  facilities  and  test  beds  within  the 
Government  is  vital  to  the  successful  implementation of the  concepts  presented 
in  this  paper. 

In  conclusion, we in  the  Air  Force  have  defined  the  problem  and  proposed 
an  outline  of  an  approach  to  accomplishing  a  real-time,  adaptive  control  and 
diagnostic  information  system.  Such  a  task  requires  further  research  in 
several  areas.  These  are  listed  below  in  Table I. Some  areas  have  been  the 
focal  point  of  generic  development  activity  and  the  investigation  of  how  these 
techniques  may be  applied  to  the  propulsion  control  problem  remains  to be in- 
vestigated. In  some  areas,  such  as  linear  quadratic  synthesis  and  multi- 
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variable  frequency  methods  for  control  logic  development,  applications  to  the 
propulsion  control  problem  have  been  investigated. In other  areas,  basic 
research  is  needed.  In  any  event,  a  coordinated  research  effort  on  the  part 
of the  Air Force,  NASA, and  the  Navy  is  needed. 

TABLE I. - AREAS OF  FUTURE RESEARCH 

Systems  Modeling 

System  Identification 

Multivariable  Control 

Frequency  Domain 
Time  Domain 
Discrete-Time  Control 

Stochastic  Control 

Distributed  Systems 

Hierarchical  Control 

System  ReliabilityIIntegrity 

Filtering/Estimation 

Failure  Accommodation 

Fault  Detection 
Fault  Isolation 

Adaptive  Control/Optimization 

Performance  Seeking 
Real-Time  Optimization 
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IMPLICATIONS OF DIGITAL CONTROL ON ENGINE CONTROL STRATEGIES 

H. Austin  Spang I11 
G. E. Corpora te   Research  & Development 

Schenectady,  New York 

ABSTRACT 

Wi th   t he   adven t  of on-board d ig i t a l   ha rdware   t he   cons t r a in t s   imposed   by   t he  
c u r r e n t   h y d r o m e c h a n i c a l   a n d   a n a l o g   e n g i n e   c o n t r o l s   n o   l o n g e r   a p p l y .   I n   t h i s  
t a l k ,   t h e   c a p a b i l i t i e s   a n d   o p p o r t u n i t i e s   o f   d i g i t a l   e n g i n e   c o n t r o l s  were d i s -  
cussed. AS an  example of t h e   c u r r e n t  s ta te  of t h e  a r t  of advanced   d ig i t a l   con -  
t r o l s ,   t h e   c a p a b i l i t y   o f   t h e  Navy F u l l - A u t h o r i t y   D i g i t a l   E l e c t r o n i c   C o n t r o l  
(FADEC) was r e v i e w e d .   T h i s   c o n t r o l   i n c l u d e s  a c l o s e d - l o o p   m u l t i v a r i a b l e   d e s i g n  
as w e l l  as f a i l u r e   d e t e c t i o n   a n d   c o r r e c t i o n   s t r a t e g i e s   f o r   s e n s o r s   a n d   a c t u a -  
t o r s .  Thus o n e   c a n   c o n c l u d e   t h a t   t h e r e  is c a p a b i l i t y   t o   a p p l y  much o f   t h e  ex- 
i s t i n g   c o n t r o l   t h e o r y   t o   p r o v i d e   b e t t e r   a n d   m o r e   r e l i a b l e   e n g i n e   c o n t r o l .  How- 
ever, through  examples,  i t  w a s  shown t h a t   e x i s t i n g   t e c h n i q u e s   p r o v i d e   o n l y  a 
small p a r t  of n e c e s s a r y   c o n t r o l   l o g i c .  The  problem i s  t h a t   t h e   e n g i n e  i s  non- 
l i n e a r ,   w i t h   p a r a m e t e r s   t h a t   d e p e n d   o n   o p e r a t i n g   c o n d i t i o n s .   C u r r e n t l y   t h e s e  
n o n l i n e a r i t i e s  a re  handled   in   an   ad-hoc   manner .   Thus ,   there  i s  a n e e d   f o r  a 
more   sys t ema t i c   non l inea r   con t ro l   des ign   approach .  A couple   o f   poss ib le   ap-  
proaches were sugges ted .  
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SHOULD WE ATTEMPT GLOBAL (INLET-ENGINE-AIRFR) 

CONTROL DESIGN? 

C h r i s t o p h e r  M. C a r l i n  
Boe ing   Mi l i t a ry   A i rp l ane  Company 

Seat t le ,  Washington 

SUMMARY 

The Lewis-APL M u l t i v a r i a b l e   C o n t r o l  (MVC) p rogram  has   demons t r a t ed   t ha t  
MVC d e s i g n   t e c h n i q u e s  are a p p l i c a b l e   t o   e n g i n e   c o n t r o l   a l g o r i t h m   d e s i g n .  MVC 
h a s   a l s o   b e e n   a p p l i e d   t o   o t h e r   a i r c r a f t   s y s t e m s ,   f l i g h t   c o n t r o l   a n d   f u n c t i o n s ,  
and  energy  management.   The  next  major  step i s  t o   c o n s i d e r   t h e   g l o b a l   p r o b l e m  - 
m u l t i v a r i a b l e   d e s i g n  of t h e   e n t i r e   a i r p l a n e   c o n t r o l   s y s t e m .  An i n t e r m e d i a t e  
s t e p   i n   t h a t   d i r e c t i o n  i s  t o   d e s i g n  a con t ro l   fo r   an   i n l e t - eng ine -augmen to r  
system by u s i n g  MVC t e c h n i q u e s .  Two v a l u a b l e   o p p o r t u n i t i e s   t o  do t h i s   a n d   t o  
e x e r c i s e   t h e   r e s u l t s   e x p e r i m e n t a l l y   a r e   a v a i l a b l e   i n   t h e   n e a r   f u t u r e .  

The  Supersonic   Cruise   Research (SCR) l a rge - sca l e - in l e t   r e sea rch   p rog ram 
w i l l  p r o v i d e   a n   i n t e r e s t i n g   o p p o r t u n i t y   t o   d e v e l o p ,   i n t e g r a t e ,   a n d   w i n d   t u n n e l  
test a c o n t r o l   f o r  a mixed-compress ion   in le t   and   var iab le-cyc le   engine  (VCE). 
The In t eg ra t ed   P ropu l s ion   A i r f r ame   Con t ro l  (IPAC) program w i l l  i n t r o d u c e   t h e  
problem  of  implementing MVC w i t h i n  a d i s t r i b u t e d   p r o c e s s i n g   a v i o n i c s   a r c h i t e c -  
t u r e ,   r e q u i r i n g  real-time decomposition of t h e  global des ign   i n to   i ndependen t  
modules   in   response   to   hardware-communica t ion   fa i lures .  A s  IPAC progresses   be-  
yond m u l t i v a r i a b l e   d e s i g n   o f   t h e   p r o p u l s i o n   s y s t e m ,  i t  w i l l  p r o v i d e  a real- 
wor ld   envi ronment   in   which   to   address   more   bas ic   ques t ions :   Should  w e  a t t e m p t  
g l o b a l   c o n t r o l   d e s i g n ?  Is i t  p r a c t i c a l   o r   d e s i r a b l e ?  What i s  t h e   r e q u i r e d  
methodology? 

DISCUSSION 

The Lewis-APL MVC p rogram,   f i gu re  1, demonst ra ted   tha t   for   an   advanced   en-  
g i n e ,  P&WA F 1 0 0 ,   m u l t i v a r i a b l e   c o n t r o l   t e c h n i q u e s   c a n   b e   u s e d   v i g o r o u s l y   t o   d e -  
s ign   an   eng ine   con t ro l   sys t em.  The q u a l i t y   o f   t h e   r e s u l t i n g   s y s t e m  was demon- 
s t r a t e d  by i t s  test i n   t h e   a l t i t u d e   c e l l  a t  L e w i s .  Program  documentation 
p r o v i d e s  a b a s i s   f o r   u n d e r t a k i n g  more   complex   mu l t iva r i ab le   des ign   t oo l s .  

C u r r e n t   a i r p l a n e   c o n t r o l   s y s t e m s  are d e s i g n e d ,   f i g u r e  2 ,  w i t h  a minimum of 
i n t e r a c t i o n   a n d   i n t e g r a t i o n ,   p a r t i a l l y   b e c a u s e   o f  a h i s t o r i c a l   l a c k  of communi- 
c a t i o n s   a b i l i t y   a n d   p a r t i a l l y   b e c a u s e   o f  a c o n c e r n   o v e r   f a i l u r e   p r o p a g a t i o n  
th rough   i n t eg ra t ed   subsys t ems .   Lack   o f   i n t eg ra t ion   pena l i zes   t he   des ign   o f  
a i r p l a n e s   w i t h   s t r o n g   a e r o d y n a m i c - p r o p u l s i o n   c o u p l i n g  - SST and V/STOL, f o r  ex- 
ample. New technology  and   research   programs,   f igure  3 ,  p r o v i d e   t h e   o p p o r t u n i t y  
t o   d e s i g n  a h i g h l y   i n t e g r a t e d   a i r p l a n e   c o n t r o l   s y s t e m .   I d e a l l y ,   t h i s  new 
"global"   system w i l . 1  have   f ewer   ac tua t ion   and   s enso r   componen t s   and   supe r io r  
p e r f o r m a n c e   a n d   f a u l t   t o l e r a n c e .  



S u b s t a n t i a l   e f f o r t  is r e q u i r e d   t o   r e d u c e   t h e   g l o b a l   d e s i g n   c o n c e p t   t o  
p r a c t i c e .   B e c a u s e   t h e   d e s i g n   p r o c e s s  i s  conf igu ra t ion   dependen t ,  a s p e c i f i c  
a i r p l a n e   m u s t   b e   a d d r e s s e d .  To e n s u r e   t h a t   t h e   d e s i g n   a n d   t h e   t e s t i n g  of t h e  
d e s i g n   t r u l y   d e m o n s t r a t e   r e d u c t i o n  t o  p r a c t i c e ,   t h e   s e l e c t e d   a i r p l a n e   o r   p r o -  
p u l s i o n   s y s t e m   s h o u l d   b e   r e a l i z a b l e   a n d   e v e n t u a l l y   b e   t e s t e d   i n   t h e   w i n d   t u n -  
n e l   o r   p r e f e r a b l y   i n   f l i g h t .  Two planned NASA programs, IPAC a n d   t h e  SCR 
i n l e t   c o n t r o l   p r o g r a m ,   p r o v i d e   a p p r o p r i a t e   o p p o r t u n i t i e s   t o   a d d r e s s   t h e  real- 
wor ld   p rob lems ,   f i gu re  4 ,  of   g loba l   des ign .  

The NASA L e w i s  SCR in l e t   con t ro l   p rog ram  encompasses   t he   des ign ,   deve lop -  
ment ,   and   tes t ing   o f  a s u p e r s o n i c   p r o p u l s i o n   s y s t e m   t h a t   i n c o r p o r a t e s  a mixed- 
compress ion   i n l e t   and  a va r i ab le -cyc le   eng ine .   The   sys t em  in t e rac t ions  among 
the   components   and   wi th   the   envi ronment ,   f igure  5 ,  are c o m p l e x ;   t h e   t y p i c a l  
p r o p u l s i o n   c o n t r o l   s y s t e m  w i l l  h a v e   s i x   o r  more a c t u a t e d   v a r i a b l e s   a n d  10 o r  
more   s ensed   va r i ab le s .   Thus ,   t he   sys t em  r ep resen t s   an   appropr i a t e   example  on 
which t o   e x e r c i s e   m u l t i v a r i a b l e   c o n t r o l   t e c h n o l o g y .  The  program  schedule ,   f ig-  
u r e  6 ,  c u r r e n t l y  ca l l s  f o r  a r e l a t ive ly   l ong   des ign   and   deve lopmen t   cyc le  
l e a d i n g  t o  c losed- loop  wind t u n n e l   t e s t i n g   i n   1 9 8 3   a n d  a f l i g h t   i n l e t   d e s i g n   i n  
1985. 

The NASA DFRC IPAC program,   f igure  7 ,  is i n t e n d e d   t o   d e m o n s t r a t e   t h e  
methodology  and   benef i t  of i n t e g r a t e d   f l i g h t   a n d   p r o p u l s i o n   c o n t r o l s   o n  a high- 
p e r f o r m a n c e   a i r c r a f t   h a v i n g   v a r i a b l e - g e o m e t r y   e x t e r n a l   c o m p r e s s i o n   i n l e t s .  I t  
i s  a m u l t i f a c e t e d   p r o g r a m   t h a t   p r o v i d e s   t h e   o p p o r t u n i t y   t o  tes t  m u l t i v a r i a b l e  
con t ro l   a lgo r i thms ,   advanced   eng ine   con t ro l   ha rdware  (FADEC), and   da ta   bus   in -  
t e g r a t i o n  of a v i o n i c s   a n d   c o n t r o l   s y s t e m s .  

The e l emen t s   o f   t he  IPAC s y s t e m ,   f i g u r e  8 ,  communicate v i a  a MIL 1553  da ta  
b u s   t h a t   p r o v i d e s   o r d e r s  of   magni tude   g rea te r   communica t ion   po ten t ia l   than   ever  
b e f o r e   a v a i l a b l e .   C o n t r o l   s y s t e m   s o f t w a r e  w i l l  b e   s t r u c t u r e d   t o   p e r m i t   r a p i d  
s y s t e m   a d a p t i o n   i n   o r d e r   t o   t a k e   a d v a n t a g e   o f   c o n t r o l   s y s t e m   c o n c e p t s   i d e n t i -  
f i e d   d u r i n g   f l i g h t   t e s t i n g   a n d   t o   i m p l e m e n t  new r e s e a r c h   t a s k s   a s   t h e y   a r e  
i d e n t i f i e d .  

M u l t i v a r i a b l e   c o n t r o l   t e c h n o l o g y   h a s   b e e n   a p p l i e d   t o  many a s p e c t s   o f   t h e  
f l i g h t   c o n t r o l   p r o b l e m ,   u s u a l l y  as o n e   d e s i g n   t o o l  among many, f i g u r e   9 .  Typ- 
i c a l l y ,   t h e   e n g i n e   r e s p o n s e   h a s   b e e n   h i g h l y   s i m p l i f i e d   o r   n e g l e c t e d   c o m p l e t e l y .  
This   approach  i s  a c c e p t a b l e   f o r  a c o n v e n t i o n a l   a i r p l a n e ,   f i g u r e  10,  i n   w h i c h  
e a c h   c o n t r o l   a f f e c t s   o n e   p r i n c i p a l   a x i s   a n d   c o u p l i n g  i s  de l ibe ra t e ly   min imized .  
I n   a d v a n c e d   a i r c r a f t ,   f i g u r e  11, f r e q u e n t l y   t h i s  i s  n o t   e c o n o m i c a l l y   p r a c t i c a l  
a n d   t h e   a c t i v e   c o n t r o l   s y s t e m   m u s t   p r o v i d e   t h e   s o l u t i o n .   I n   b o t h   r e s e a r c h   a n d  
p rac t i ce   l imi t ed   so lu t ions   have   been   p rov ided .   Each  starts f r o m   a n   e x i s t i n g  
l i m i t e d   b a s e   a n d   f a i l s   t o   i n c o r p o r a t e  a l l  t h e   a v a i l a b l e   t e c h n o l o g i e s   i n t o  a 
top-down design  methodology.  The IPCS p rogram,   f i gu re  1 2 ,  d e m o n s t r a t e d   f u l l -  
a u t h o r i t y   d i g i t a l   p r o p u l s i o n   s y s t e m   c o n t r o l   b u t   o n l y   d e m o n s t r a t e d   i n  a v e r y  
l i m i t e d  way t h e   p o t e n t i a l   f o r   d i r e c t   e l e c t r o n i c   i n t e g r a t i o n  of t h e   a u t o p i l o t  
and   eng ine   con t ro l .   The   con junc t ion  of m u l t i v a r i a b l e   c o n t r o l   a l g o r i t h m   d e v e l -  
opment   wi th   the  rea l i t i es  of ha rdware   imp lemen ta t ion ,   f i gu re   13 ,   mus t   a l so   be  
c o n s i d e r e d   i f  a s u c c e s s f u l   f a u l t - t o l e r a n t   d e s i g n  is t o   b e   c r e a t e d .  The t y p i c a l  
advanced   con t ro l  w i l l  probably  have  only  30  percent   of  i ts f u n c t i o n s   d i r e c t l y  
a s s o c i a t e d   w i t h   c o n t r o l .  The remainder w i l l  b e  r e l a t e d   t o   c o m m u n i c a t i o n ,   f a u l t  
to le rance ,   main tenance   (BIT) ,   and   propuls ion   sys tem  condi t ion   moni tor ing .  
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I f   t h e   b e n e f i t s  of m u l t i v a r i a b l e   c o n t r o l   r e s e a r c h  are t o   b e   a c h i e v e d   a n d  
demons t r a t ed ,   an   i n t eg ra t ed   cohes ive   r e sea rch   p rog ram,   f i gu re  1 4 ,  supported  by 
NASA a n d   t h e  DOD a g e n c i e s  is an   absolu te   mus t .   The   problem  of   g loba l   des ign  
canno t   be   success fu l ly   app roached   on  a p i ecemea l   bas i s .  

T h e   p r o b l e m s   a s s o c i a t e d   w i t h   g l o b a l   c o n t r o l   d e s i g n ,   f i g u r e  15, are b o t h  
t e c h n i c a l   a n d   m a n a g e r i a l .   T h e   t e c h n i c a l  areas  are g e n e r a l l y   r e s o l v a b l e   i f   s u f -  
f i c i e n t  t i m e  a n d   e f f o r t  are appl ied.   The  major   managerial   problem is  t h a t   t h e  
real r eward   o f   i n t eg ra t ion   does   no t  l i e  in   s imple   per formance   inprovement ,  
a n o t h e r  5000 f e e t  of a l t i t u d e ,   f o r   e x a m p l e .  It l ies  i n   r e l i a b i l i t y ,   m a i n t a i n a -  
b i l i t y ,   p i l o t  workload  and s k i l l  level,  and   o the r   t h ings   wh ich  are r e l a t i v e l y  
i n t a n g i b l e .  Thus a con t ro l   eng inee r   conce rned   w i th   i np rov ing   t he   p roduc t   f r e -  
q u e n t l y   f i n d s  i t  d i f f i c u l t   t o   o b t a i n   t h e   n e c e s s a r y   r e s o u r c e s .   O r g a n i z a t i o n a l  
b a r r i e r s   a l s o   p r e s e n t  a real  b u t   s o l v a b l e   p r o b l e m   t o   g l o b a l   c o n t r o l   s y s t e m  
d e s i g n .  

A major   payof f   f rom  mul t iva r i ab le   con t ro l   des ign  i s  t h e   e l e g a n c e   o f   t h e  
r e s u l t i n g   d e s i g n ,   f i g u r e  16. The s t r u c t u r e  i s  clear a n d ,   t o  a degree ,  common 
f rom  des ign   t o   des ign .  Component requi rements  are c l e a r l y   d e v e l o p e d  as p a r t   o f  
t he   des ign   p rocess ,   and   s t anda rd ized   a r ch i t ec tu ra l   e l emen t s   sho l l ld   l ead   t o  
s tandard   hardware   and   sof tware   modules ,   thus   reducing   des ign   cos t   and   enhancing  
r e l i a b i l i t y .  

CONCLUSIONS 

The  groundwork,  f igure 1 7 ,  f o r   g l o b a l   c o n t r o l   d e s i g n  i s  provided  by a 
p r i o r   r e s e a r c h   p r o g r a m .   T h e   n e e d   f o r  i t  e x i s t s   t h r o u g h   t h e   e f f o r t s   o f  ad- 
vanced   a i r f r ame   and   eng ine   cyc le   des igne r s .  A research   program i s  r e q u i r e d   t o  
c a r r y   o u t   t h e   d e s i g n   o f   t h e   g l o b a l   c o n t r o l   f o r  a complex  engine-airplane  sys- 
t e m  a n d   t o   f l i g h t  test t h e   r e s u l t i n g   s y s t e m   i n   o r d e r   t o   c l e a r l y   d e m o n s t r a t e   t h e  
u t i l i t y  of t h e   e x i s t i n g   t e c h n o l o g i e s   i n   a d d r e s s i n g   t h e   p r o b l e m  of i n t e g r a t e d  
c o n t r o l   s y s t e m   d e s i g n .  

73 



FlOO MULTIVARIABLE  CONTROL 

0 ENGINE  ONLY 

0 TESTED IN ALTITUDE  CELL 

0 WELL  DOCUMENTED 

0 CLEARLY  DEMONSTRATES  UTILITY  OF  MVC 

F i g u r e  1 

CURRENT  AIRPLANE 
CONTROL SYSTEM, DESIGN 

DISPLAY SYSTEM 

I 4 SYSTEM 
GUIDANCE/NAVIGATION 

I 

FIRE  CONTROL 
SYSTEM 

AVIONICS  SYSTEM - 

F i g u r e  2 

74 



NEW TECHNOLOGY GLOBAL  CONTROL SYSTEM DESIGN 

MULTIVARIABLE CONTROL ) 

ll PROCESSORS t. / 

CADICAM 

HOLS 

RESEARCH PROGRAMS ACTUATOR DISPLAY 
ARRAY SYSTEM 

FlOO MVC 

FPCCICCP 

IPAC 

F i g u r e  3 

MVC EXTENSION TO PROPULSION SYSTEMS 

0 CANDIDATE SYSTEM REQUIREMENTS 

0 REAL 
0 SIGNIFICANT  INLETIENGINE/AUGMENTOR  INTERACTION 

0 FULL SCALE TEST PROGRAM PLANNED 

0 POSSIBLE  SYSTEMS 

0 INTEGRATED PROPULSION AIRFRAME  CONTROL  (IPAC) 
0 SUPERSONIC CRUISE RESEARCH (SCRI INLET  CONTROL  PROGRAM 

ADDRESS REAL WORLD PROBLEMS 

SENSOR LOCATION 

0 AVIONICS  ARCHITECTURE 

0 RELIABILITY 

0 REDUNDANCY 

FAULT TOLERANCE 
0 DISTRIBUTED SYSTEMS 

AIRFRAME  INTERACTION 

F i g u r e  4 

75 



V X E  PROPULSION  SYSTEM  INTERACTIONS 

Figure 5 

SCR SUPERSONIC  PROPULSION SYSTEM CONTROLS RESEARCH 

SYSTEM 

MIXED COMPRESSION INLET 

0 VARIABLE CYCLE ENGINE 

AIRFRAME AERODYNAMIC COUPLING 

SST CONTROLS CHARACTERISTICS 

HIGH BAND PASS INLET  ACTUATION 

AD HOC FCS PROPULSION INTERFACE 

MODERN CONTROL PAYOFF 

0 REDUCED ACTUATION REOUIREMENTS 

IMPROVED SENSOR SELECTION 

0 ACHIEVE REDUNDANCY THROUGH 
MULTIVARIABLE ANALYSIS OF AERO 
COUPLING 

INLLTCDNTROL  SYSTfMOESlGNDEVfLO~MfNT [NGINE/INLET YNTROL  INTfGRATION 
r 

OfSlGNllUlLOVARIABLf  OIAYfTER 0 CLOSE0 
T R 4 N I U T I N G  CENTERIODV  INLETS 
1 

INTEGRATE0 ENGINE! 
INLET TEST 

INSTALLATION 

I 1084 I 1W6 I 

F igure  6 

76 



INTEGRATED PROPULSION. AIRFRAME CONTROL IIPAC) 

moonu PARTICIPANTS DEVELOP A FLEXIBLE RESEARCH FACILITY WITH INTEQRATED 

N M A D F R C  
ENGINE.  INLET  AND  FLIQHT CONTROLS 

0 NASALERC 0 DEVELOP CONTROL LAWS TO 

U U F A P L  . I l L I C  ED1 0 IMPROVE PERFORMANCE 
0 REDUCE FUEL CONSUWTION 

0 N A W N A K :  
- ". .._ 

0 INCREASE MANEUVERABILITY 
0 REDUCE LIFE CYCLE COSTS 

0 PROVIDE CONTROL TECHNOLOQY FOR FUTURE 
PHRIC Ib  - LmRC I 

rm(a)  - 
rRoLc(wc)  

ILWH. IL ,  MI DLVLLOP IOTTYRIIL nslwa -. r n c l L m  TLST / - mowy m u m c  
/ 

nm 
CLLCTROWICS 

WAC PROPULSION 
CONTROL SYSTEM "-""""""" """_ ""_ 4 """ 

A 

H 
# q F ;  

I 

\ 
\ - 

L I  I \ 
\ 

+ 
n.n. n.. 1 

'. 
- -" 

IPAC M I L .  1553 BUS PROVIDES  COMMUNICATION FOR CONTROL INTEGRATION 

CONTROL 
I I I 

MIL.  1553 DATA BUS 

I" 
I 1 I I 

CONTROL. CONFIGURED VEHICLE RESEARCH 

Figure 8 

7 7  



MULTIVARIABLE CONTROL  TECHNOLOGY IS WIDELY APPLIED IN FLIGHT CONTROLS 
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ROAD MAP TO ADAPTIVE  OPTIMAL  CONTROL 

Robert  Boyer 
General Motors  Corporation 

D e t r o i t  Diesel Al l i son   Div is ion  
Indianapol i s ,   Ind iana  

Ea r ly   app l i ca t ion  of f u l l - a u t h o r i t y   d i g i t a l   c o n t r o l s   t o   e x i s t i n g  j e t  en- 
g ines   involved   dupl ica t ion  of t he   ex i s t ing   hydromechan ica l   con t ro l   l og ic   i n   d i -  
g i t a l  form,  and th i s   p rov ided  l i t t l e  improvement i n  performance.  Presently 
t h e r e  are several d i f f e r e n t  programs t o   a p p l y   d i g i t a l   c o n t r o l s   t o  advanced 
var iab le-cyc le   engines  (VCE's). DDA has   a l r eady   run   t he  GMA 200 gas   generator  
and  the GMA 200 J o i n t  Technology  Demonstrator  Engine (JTDE) under   var ious levels 
of d i g i t a l   c o n t r o l  employing d i g i t a l   l o g i c   d e s i g n e d   s p e c i f i c a l l y   f o r   d i g i t a l  
c o n t r o l  of these   engines .   In   each  case, t h e   c o n t r o l  w a s  "optimized"  according 
t o  a d i g i t a l  model  of the   engine ,  and t h e  actual  optimal  performance  varied  from 
the  design  because of the  modeling  inaccuracies.   This  problem  exists  regard- 
less of the   des ign   technique  - c l a s s i c a l ,   R i c c a t i   o p t i m a l   g a i n ,  LQR, i nve r se  
Nyquist, etc.  I n   g e n e r a l ,   t h e   f u l l   p o t e n t i a l   o f   d i g i t a l   c o n t r o l   f o r  j e t  engines  
w i l l  n o t   b e   r e a l i z e d   u n t i l  a adapt ive,   opt imal   propuls ion  system  control  is 
achieved   tha t  i s  capable  o f  

(1) In t eg ra t ed   con t ro l  of the  propuls ion  system 
( 2 )  A c t i v e   i d e n t i f i c a t i o n  of t h e   p l a n t   t o   b e   c o n t r o l l e d   i n  real  time 
( 3 )  Real-time opt imiza t ion  of t h e   c o n t r o l   f o r   t h e   i d e n t i f i e d   p l a n t  

This   paper   addresses   an  order ly ,  minimum-risk  approach to   ach iev ing   t he  l a t te r  
two goals .  

The mention of adapt ive,   opt imal   control   reminds many of t h e  p a s t  f a i l -  
ures  and  special   problems - e s p e c i a l l y   s t a b i l i t y  - assoc ia ted   wi th   adapt ivecon-  
t r o l s .  Thus, it is  necessary  to   determine a sys temat ic   approach   to   the   cont ro l  
development t h a t   d i s p l a y s   a n   i d e n t i f i a b l e   g a i n  a t  each s t e p  i n   o r d e r   t o   j u s t i f y  
the   add i t iona l   complex i ty   i nhe ren t   i n   t h i s   sys t em.  

The major   charac te r i s t ic   p roposed   here  i s  a bui ld ing-b lock   cont ro l   s t ruc-  
ture   leading  toward  adapt ive,   opt imal   control .   This   approach  s implif ies   the 
a d d i t i o n  of new fea tu res   and   a l lows   fo r  easier checkout   of   the   control  by  pro- 
v id ing  a base l ine  s y s t e m  f o r  comparison.  Also, i t  is  p o s s i b l e   t o   e l i m i n a t e  cer- 
t a in  f e a t u r e s   t h a t  do not  have  payoff by b e j n g   s e l e c t i v e   i n   t h e   a d d i t i o n  of new 
"bui ld ing   b locks"   to   be   added   to   the   base l ine   sys tem.  

This  is  achieved by beginning  with a b a s e l i n e   c o n t r o l   s t r u c t u r e   t h a t  i s  
e a s i l y   i d e n t i f i a b l e   w i t h   p r e s e n t   c o n t r o l   s y s t e m s .  The conf igura t ion  shown i n  
f i g u r e  1 fea tures   an   in tegra ted   p ropuls ion   sys tem management f ea tu re   t ha t   p ro -  
v ides   i npu t s   t o   t he   eng ine   con t ro l  management s e c t i o n ,   l i k e   p e r c e n t   t h r u s t  re- 
q u i r e d ,   i n l e t   c o n d i t i o n s ,  e tc .  The con t ro l  management s e c t i o n  selects t h e  op- 
timal gains ,   engine  schedules ,  and con t ro l   s chedu les   fo r   t he   con t ro l  l a w s  
(c lass ica l   speed   governor ,  LQR, etc).  The c o n t r o l  l a w s  i s s u e   c o n t r o l  commands 
to   min imize   an   e r ro r   c r i t e r ion   w i th in   t he   con t ro l  l a w .  The con t ro l  commands can 
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b e   a l t e r e d   ( g e n e r a l l y   l i m i t e d )   t o   p r o t e c t   t h e   e n g i n e .  The s igna l   syn thes i s   and  
e s t ima t ion   can   be   s imp le   bandpass   f i l t e r s ,  Kalman filters, etc. Every d i g i t a l  
con t ro l   i nc ludes  some degree   o f   con t ro l   d i agnos t i c s   t o   p rov ide  mode s e l e c t i o n  
(backup  control when a f a i l u r e   o c c u r s  as a minimum). 

The first s t e p  toward  adapt ive,   opt imal   control  is  t h e   i d e n t i f i c a t i o n  of 
t h e   p l a n t   o r   e n g i n e   c h a r a c t e r i s t i c s ,   a l o n g   w i t h   t h e   c o n t r o l   d i a g n o s t i c s .   T h i s  
s t e p  i s  chosen f i r s t   b e c a u s e  i t  has   payof f s   ou t s ide   t he   con t ro l .  Of course  en- 
g ine   d i agnos t i c s  i s  a many-faceted  objective. The phi losophy  suggested  here  i s  
s imply   t ha t   eng ine   d i agnos t i c s   be longs   i n   t he   con t ro l   d ig i t a l   compute r   on ly   t o  
t h e   e x t e n t   t h a t   a c t i o n  i s  requ i r ed  by the  control .   This   approach  minimizes   the 
potent ia l   dangers   of   increased  cost ,   complexi ty ,   and  weight   and  reduced relia- 
b i l i t y   i n t r o d u c e d  by adding  engine  diagnostics.   This  must  be  balanced by t h e  
overal l   reduct ion  in   engine  weight ,   cost ,   and  complexi ty  by s h a r i n g   f e a t u r e s  
between the   cont ro l   and   engine   d iagnos t ics .   Poss ib le   ac t ions   wi th in   the   cont ro l  
are 

(1) Lower ga ins  
(2) Lower engine  parameter  upper limits 
(3 )  O p e r a t i n g   l i n e  moved f u r t h e r   f r o m   s u r g e   f o r   e n g i n e   s t a b i l i t y  
( 4 )  A l t e r n a t i v e  modes 

However, most engine   d iagnos t ic   t echniques  employed today are n o t   a c c u r a t e   o r  
s e n s i t i v e  enough to   gene ra l ly   war ran t   such   an   i n t e rac t ion   w i th   con t ro l .   The re -  
f o r e  w e  p roceed   one   s tep   fur ther   to  parameter i d e n t i f i c a t i o n ,  as shown i n  Fig- 
ure  2 ,  to   p rovide  more d iagnos t ics   in format ion   and   to   l ay   the   g roundwork   for  
adapt ive   cont ro l .  Parameter iden t i f i ca t ion   t echn iques  are being  developed  for  
both  l inear   ahd  nonl inear   models ,   and  the  choice w i l l  depend  mainly on t h e  ap- 
p l i ca t ion .   Gene ra l ly  a sequen t i a l   t echn ique  w i l l  be  employed to   p rovide  a real- 
t i m e ,  on - l ine   i den t i f i ca t ion   p rocess .  A f i l t e r ed - sequen t i a l   t echn ique  is  cur- 
r en t ly   f avored  a t  DDA because (1) i t  min imizes   l a rge   t r ans i en t   e f f ec t s ,  (2)  i t  
i s  less s e n s i t i v e   t o   n o i s e ,  ( 3 )  i t  gene ra t e s   t he   r equ i r ed   de r iva t ives ,   and  
( 4 )  i t  i s  well s u i t e d  t o  s lowly   vary ing   parameters   tha t  are  compatible   with  cur-  
ren t   adapt ive   t echniques .  The r e s u l t s  of   parameter   ident i f ica t ion   can   be  ap- 
p l i e d  to 

(1) S igna l   syn thes i s   and   e s t ima t ion   fo r   t he   con t ro l  
( 2 )  Engine  diagnostics 
(3)  Adapt ive   cont ro l  

and th i s   p rov ides   an   i den t i f i ab le   payof f   even   i f  w e  f a i l   i n   t h e   n e x t   s t e p  - 
adapt ive   cont ro l .  

We de f ine   an   adap t ive   con t ro l  as a con t ro l   sys t em  tha t   s enses   p l an t  varia- 
t i o n s  and ad jus t s   con t ro l   pa rame te r s   t o   ach ieve  a con t ro l   ob jec t ive .  The u l t i -  
mate goa l  is  t o   p r o v i d e  a con t ro l   sys t em  tha t   con t inuous ly   ad jus t s   con t ro l  pa- 
rameters to  achieve  optimal  engine  performance. The term opt imal  i s  usua l ly  
loosely  used  s ince i t  i s  o f t e n   d i f f i c u l t   t o   p u t   e x a c t   p h y s i c a l   s i g n i f i c a n c e  on 
what i s  mathematically  optimized  to  achieve  the  desired  engine  performance. 

The next   s tep   toward   adapt ive   cont ro l  i s  t o   l o o k  a t  what c o n t r o l  parame- 
ters one  might   adjust   to   achieve  the  desired  control   performance.  The c o n t r o l  
ga ins   gene ra l ly   on ly   a f f ec t   t he   t r ans i en t   behav io r   o f   t he   con t ro l ,   w i th   on ly  a 
secondary   e f fec t  on s teady-state   performance  for   proport ional   control .   Achiev-  
ing   t rue   op t ima l   ga ins  would gene ra l ly   r equ i r e   an   on - l ine   so lu t ion   t o   t he  
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Riccati equation.  Adjustment  of  the  control  schedules  has a major  influence  on 
the  steady-state  performance  and some e f f e c t  on t h e   t r a n s i e n t   b e h a v i o r  (accel- 
e ra t ion   and   dece lera t ion   schedules) .  Here t rue   op t imal   per formance  would re- 
qui re   on- l ine   op t imiza t ion   of   the   cont ro l   schedules  - gene ra l ly  a g rad ien t  
s ea rch   w i th   mu l t ip l e   cons t r a in t s .  The con t ro l   des igne r   has  l i t t l e  f l e x i b i l i t y  
wi th   the   engine  limits. 

Now w e  have  sensed  engine  variations  and  examined  those  control  parameters 
w e  can   ad jus t .  But  what  about  qualifying  "desired  engine  performance"  or "op- 
t i m i z a t i o n "   i n   t h i s  case. Off - l ine   op t imiza t ion  is  t h e  most p rac t i ca l   app roach  
t h a t  can be  achieved  with  today's  technology. The s t e p s   t o   a c h i e v e   t h i s   g o a l  
are 

Optimize  nominal  system 
Determine  nonnominal  models 
Optimize  nonnominal  systems 
Derive control   parameter   deviat ions  f rom  nominal  
Express   control  "trims" i n  terms of  model dev ia t ions  

The use   o f   cont ro l  trims reduces  the  authori ty   of   the   adapt ive  process   and  pro-  
v ides  a safe  approach.  With  the  development  of  on-line  parameter  identification 
th i s   approach  i s  f eas ib l e   t oday .  

However, one may wish   t o   cons ide r   one   fu r the r   s t ep  - t he   u l t ima te   goa l ,  on- 
l i ne   op t imiza t ion .   Th i s  is a b ig  s t e p  wi th  many potential   problems  and  must 

proach is l i n e a r  model op t imiza t ion   wi th  a poss ib le   c losed- form  so lu t ion .  How- 
ever ,   the   inaccurac ies  of  t h e   l i n e a r  model may l e a v e   t h i s   a p p r o a c h  less opt imal  
than   the   o f f - l ine  method us ing  a nonl inear  model. 

. show s i z a b l e   p a y o f f   t o   o f f s e t   t h e   r i s k  and  complexity. The most f e a s i b l e  ap- 

On-line  optimization of t he   non l inea r  model does  not  seem p r a c t i c a l   w i t h  
today's  techniques - espec ia l ly   w i th   t he   l a rge  number of c o n s t r a i n t s   i n   t h e  en- 
gine  optimization  problem. The on-l ine  opt imizat ion of t he   ac tua l   eng ine  
through  per turba t ion   techniques   c rea tes   even   grea te r   s tab i l i ty   concerns .  Be- 
f o r e  one  rushes  forward  into  on-l ine  opt imizat ion,   the   potent ia l   problems  of  
s t ab i l i t y ,   h igh   computa t iona l   cos t s ,   l a rge   r ange   o f   pa rame te r s ,  and t r a n s i e n t  
e f f e c t s  must   be   weighed   aga ins t   the   po ten t ia l   benef i t s   o f  

(1) Better performance 
( 2 )  Simpler  schedules 
( 3 )  Automat i c   f a i lu re  modes 

The f i n a l   g o a l  is an   adapt ive   op t imal   p ropuls ion   cont ro l .  The road is a 
d i f f i c u l t  one  with many p i t f a l l s .  The approach  presented  here  w i l l  maximize t h e  
p r o b a b i l i t y  of success   wi th  a bui lding-block  s t ructure   that   promises   added pay- 
o f f s  a t  each   s t ep   t oward   t he   f i na l   goa l .  
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PROPULSION CONTROL AND CONTROL THEORY - A NEW RESEARCH  FOCUS 

John R. Zeller 
National  Aeronautics  and  Space  Administration 

L e w i s  Research  Center 
Cleveland,  Ohio 

Aircraf t   p ropuls ion   sys tem  des igns  are i n c r e a s i n g   i n   c o m p l e x i t y   i n   o r d e r   t o  
achieve new l e v e l s  of performance. The performance is being  improved i n  terms 
of fue l   e f f ic iency ,   th rus t - to-weight   ra t io ,   and   such   envi ronmenta l   fac tors  as 
noise  level  and  emissions.   These  improved  turbine  engine  powerplants w i l l  have 
more inputs   to   be  manipulated  and more parameters   to   be   measured .   This   fac t  is 
demonstrated by t h e   c h a r t   o f   f i g u r e  1, which  shows the   increase   in   the   numberof  
c o n t r o l l e d   v a r i a b l e s   f o r   v a r i o u s   o p e r a t i o n a l   e n g i n e s .  A s  can   be   s een ,   t h i s  
number has   been  increasing  with time as engines  have  been  improved. 

Control   systems  for   these more  complex engines w i l l  be   required  to   measure 
a g r e a t e r  number  of v a r i a b l e s  more accu ra t e ly  and  then act  upon  them i n   o r d e r t o  
proper ly   manipula te   the   mul t ip l ic i ty   o f   inputs   to   the   engine   sys tem.  The  con- 
t r o l  system, as a r e s u l t ,  w i l l  b e   a f f e c t e d   i n  two major areas: F i r s t ,  new r ig -  

. orous  and  s t ra ightforward  methods  for   designing  acceptable   control  modes f o r   t h e  
m u l t i p l i c i t y  of i n t e rac t ing   i npu t s   and   ou tpu t s  w i l l  be  required.   Second,  the 
computational  requirements of t h e  new, more accu ra t e   con t ro l  modes w i l l  r e q u i r e  
a d i g i t a l   e l e c t r o n i c  computing  device  instead of the  present  hydromechanical 
analog  type  of  control  computer.  To addres s   t hese  two r equ i r emen t s ,   c e r t a in  
technology  advances w i l l  be  needed.  This  paper  discusses  these  needs and t h e  
role t h a t   t h e  NASA L e w i s  Research  Center, as a Government r e sea rch   o rgan iza t ion ,  
w i l l  p l a y   i n   a t t a c k i n g   c e r t a i n  of these  needs.  

TECHNOLOGY NEEDS 

One of the  technology  needs i s  methodology fo r   des ign ing   con t ro l  modes f o r  
a p rocess   ( t u rb ine   eng ine )   t ha t  i s  both  nonl inear   and  mult ivar iable .   Recent   ad-  
v a n c e s   i n   a n a l y t i c a l   c o n t r o l   t h e o r y   o f f e r   p o s s i b l e   s o l u t i o n s   t o   t h i s  problem. 
I n   f a c t ,   t h e  symposium of  which t h i s   p a p e r  is a p a r t  w a s  devoted   to   d i scuss ing  
how f a r  w e  have  progressed  toward  being  able  to  r igorously  design  control laws 
f o r  modern a i r c r a f t   e n g i n e s .   S i n c e  a number of o t h e r   p a p e r s   a d d r e s s   t h i s   i s s u e  
qu i t e   adequa te ly ,   no   fu r the r  comments on t h i s   m u l t i v a r i a b l e   c o n t r o l   d e s i g n  prob- 
l e m  are made here in .  However, some ex tens ions   o f   t he   t heo ry   t o   s a t i s fy   needs  
beyond c o n t r o l  mode s e l e c t i o n  are d i s c u s s e d   1 a t e r ; i n   t h i s   p a p e r .  

The requirement   to   replace  the  computat ion-l imited  hydromechanical   analog 
control ler   being  used  today  with a d i g i t a l   e l e c t r o n i c   c o n t r o l   s y s t e m  is a l r e a d y  
be ing   addres sed   i n   an   evo lu t iona ry   f a sh ion .   Th i s  is  shown by the  diagram  of 
f i g u r e  2. The h igh ly   r e l i ab le   hydromechan ica l   con t ro l s   u sed   fo r , r e l a t ive ly  
simple  (from a cont ro l   s tandpoin t )   engines  are already  being  augmented by a su- 
p e r v i s o r y   d i g i t a l   e l e c t r o n i c   c o n t r o l .   T h i s   a r r a n g e m e n t  is  ope ra t iona l   on   t he  
FlOO turbofan  engine  used on t h e  F-15 and F-16 m i l i t a r y   a i r c r a f t .   F i g u r e  3 i s a  



cutaway view of t h i s  modem  engine. The supe rv i so ry   e l ec t ron ic   con t ro l  is used 
t o  trim t h e   o p e r a t i o n  of the   hydromechanica l   cont ro l le r .   Fu l l   per formance  i s  
only  achieved  through  the  use  of   the   supervisory  funct ions.  The superv isory  
control ,   which is  mounted on t h e   s i d e   o f   t h e   e n g i n e ,  is  v ib ra t ion   i so l a t ed   and  
f u e l   c o o l e d   t o   e n a b l e  i t  t o   s u r v i v e   i n   t h a t   h o s t i l e   e n v i r o n m e n t .   S i m i l a r   s u p e r -  
v i s o r y   u n i t s  w i l l  b e   u s e d   o n   t h e   f u t u r e   f l e e t   o f  Boeing 767 commercial a i r c r a f t .  

The move t o   f u l l - a u t h o r i t y   d i g i t a l   c o n t r o l s  i s  being hampered by t h e  relia- 
b i l i t y   c o n c e r n s   s u r r o u n d i n g   e l e c t r o n i c   d e v i c e s   o p e r a t i n g   i n   t h e   h o s t i l e   e n g i n e  
environment .   In   fact ,  as shown i n   f i g u r e  2 ,  f u l l - a u t h o r i t y   d i g i t a l   e l e c t r o n i c  
c o n t r o l s  may f irst  be   u sed   i n   con junc t ion   w i th   l imi t ed -au thor i ty  hydromechani- 
cal  backup c o n t r o l l e r s .   F i n a l l y ,  as conf idence   increases ,   fu l l -au thor i ty  elec- 
t r o n i c   c o n t r o l l e r s   w i t h   e l e c t r o n i c  backup o r  redundancy  schemes w i l l  come i n t o  
use.  

F igure  4 shows t h e   q u a n t i t a t i v e  levels o f   r e l i a b i l i t y   c o n c e r n e d   w i t h  pro- 
pu l s ion   con t ro l   dev ices .   Re l i ab i l i t y   he re  is measured as t h e  mean time between 
f a i l u r e s  (MTBF). Mature  hydromechanical  controllers on  commercial  engines now 
exhib i t   about  10 000 t o  20 000 hours MTBF. The e l e c t r o n i c   s u p e r v i s o r y   c o n t r o l  
on t h e  FlOO engine,  however, i s  down near  800 t o  1200 hours MTBF. I f   t h i s  low 
f i g u r e  i s  i n d i c a t i v e  of  where  the  technology is for   turbine-engine  mountedelec-  
t r o n i c s ,  a fu l l - au tho r i ty   e l ec t ron ic   con t ro l   has   s ign i f i can t   t echno logy   needs  
before  i t  can   be   accepted   in to   opera t iona l  service. The need   fo r  improvement is 
even  more  pronounced f o r  a vertical-takeoff-and-landing (VTOL) a i r c r a f t .   F l i g h t  ~ 

c o n t r o l   r e l i a b i l i t y   r e q u i r e m e n t s  are usual ly   an  order   of   magni tude more s t r i n -  
gent   than   those   for   the   p ropuls ion   cont ro l   o f  a mul t i eng ined   a i r c ra f t .   I n   t he  
VTOL app l i ca t ion   t he   soph i s t i ca t ed   powerp lan t  w i l l  be   an   in tegra l   e lement   o f   the  
f l i g h t   c o n t r o l   f o r   t h e  ver t ica l  mode of f l i g h t .  Thus t h e   r e q u i r e d   e l e c t r o n i c  
p ropu l s ion   con t ro l l e r  w i l l  have   to  meet t h e  same r e l i a b i l i t y   r e q u i r e m e n t s  as t h e  
f l i g h t   c o n t r o l   ( p o s s i b l y   g r e a t e r   t h a n  106 h r ) .   A c h i e v i n g   s u c h   h i g h   r e l i a b i l i t y  
w i th   t he   p ropu l s ion   con t ro l  w i l l  d e f i n i t e l y  demand many technology  advancements. 
The n e x t   s e c t i o n s   d e s c r i b e   t h e   r o l e   t h e  L e w i s  Research  Center w i l l  p l a y   i n   t h i s  
technology  endeavor. 

LEWIS PROPULSION CONTROL RESEARCH 

The main t h r u s t  of t h e  L e w i s  Research  Center   propuls ion  controls   research 
a c t i v i t y   t h e n  is  to   deve lop   t echno logy   fo r   enhanc ing   t he   r e l i ab i l i t y   o f   fu tu re  
a i r c ra f t   powerp lan t   con t ro l   sys t ems .   In  terms o f   ou r   ro l e  as a Government re- 
sea rch   o rgan iza t ion ,  w e  w i l l  iden t i fy   the   t echnology  oppor tuni t ies   and   then  
concent ra te  on t h o s e   t h a t  are h i g h   r i s k   b u t   p o t e n t i a l l y   o f f e r  a high  payoff .  
These are t h e  areas f o r  wh ich   i ndus t ry   has   d i f f i cu l ty   j u s t i fy ing   t he   expend i tu re  
of t h e i r  own r e sea rch   funds .   In   t hese  areas of   opportuni ty  w e  are ta lk ing   about  
technology  that  would e n t e r   i n t o   s e r v i c e   i n   t h e  1990's and  beyond. 

F igure  5 shows the   t echnology  oppor tuni t ies  as w e  pe rce ive  them f o r  en- 
h a n c i n g   t h e   r e l i a b i l i t y  of fu ture   p ropuls ion   cont ro l   sys tems.  A s  shown i n   t h e  
f igure  the  major   e lements  making  up an   advanced   con t ro l   f a l l   i n to   fou r   ca t egor -  
ies: (1) sensors   and   ac tua tors ,  (2) computer, ( 3 )  c o n t r o l  modes and  software,  
and ( 4 )  power sources .  Power sources  is  an  important  area of technology  needing 
advances. However, because  of   l imited  resources  i t  i s  not  being  pursued by 
L e w i s .  The remaining  three  categories ,   however ,   each  have  act ivi ty   being  pur-  
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sued by L e w i s .  A b r i e f  comment on each of t he   subca tegor i e s   o f   f i gu re  5 w i l l  be  
made, with  heavier  emphasis on those  areas p e r t a i n i n g   t o  some aspec t   o f   cont ro l  
theory   o r   ana ly t ica l   methods .  

In   t he   s enso r   and   ac tua to r   ca t egory ,  work is being  pursued  to   minimize  the 
problems  associated  with  merging  the real analog  world  that  must be  sensed  and 
ac t ed  upon wi th   t he   d ig i t a l   computa t ions   o f   t he   con t ro l .   Senso r s  are being de- 
ve loped   tha t  w i l l  have  outputs  which can more eas i ly   be   accep ted  by t h e   d i g i t a l  
computer ,   thus   s implifying  the  interface  complexi ty .  I n  a d d i t i o n ,   t h e   p o t e n t i a l  
advantages of o p t i c a l   d e v i c e s  are being  explored  in   hopes  of   operat ing more re- 
l i a b l y   i n   h i g h  e lectr ical  noise   environments   and/or   in   high-temperature  
s i t u a t i o n s .  

In  the  computer  category, a ca re fu l   l ook  is being  taken a t  the p o t e n t i a l  
t ha t   ve ry   l a rge - sca l e ,   i n t eg ra t ed  (VLSI) c i r c u i t  components  have in   enhancing  
r e l i a b i l i t y .  The areas inc lude   t he   u se   o f   mu l t ip l e   p rocesso r s   e i t he r   r edun-  
d a n t l y   o r   i n  some modular   reconfigurat ion scheme to   ach ieve  a f a u l t - t o l e r a n t  
control  computer.   Also  being  pursued is t h e   v i a b i l i t y  of op t ica l   computers  a s a  
possible   candidate   for   the  host i le   engine  environment .   This ,   however ,  i s  a 
long-range  technology  that i s  no t   expec ted   t o   ma tu re   fo r   qu i t e  some t i m e .  

The category of c o n t r o l  modes and  software is  most c l o s e l y   r e l a t e d   t o   t h e  
items t h a t  were t h e   c e n t r a l  theme  of t h e  1979 Propuls ion  Controls  Symposium. A s  

s t u d i e d   i n   r e l a t i o n   t o   t h e i r   a p p l i c a b i l i t y   t o   t h e   t u r b i n e   e n g i n e   c o n t r o l  prob- 
l e m .  These  include  both time domain  and  frequency domain approaches.  Some have 
been  extensively  invest igated,   such as t h e   l i n e a r   q u a d r a t i c   r e g u l a t o r  (LQR) ap- 
proach   used   in   the  FlOO MVCS program.  Others  have  not  been so  exhaus t ive ly  
evaluated.  

. s t a t e d  ear l ie r  a number  of l inear   mult ivar iable   design  techniques  have  been 

FUTURE LEWIS CONTROL THEORY RESEARCH 

Future   e f for t s   in   mul t ivar iab le   des ign   sponsored  by L e w i s  w i l l  concen t r a t e  
on nonl inear   des ign   techniques .  The i n t e n t  i s  t o   a v o i d   t h e  somewhat t e d i o u s   o r  
cumbersome design  methodology  based  s t r ic t ly  on l inear   t echniques .   L inear  
opera t ing-poin t   des igns   requi re  some i n t e l l i g e n t  way t o  t i e  toge the r  a family of 
l i nea r   con t ro l   des igns   based  on a series of   wel l -def ined  operat ing  points .  A 
nonlinear ,   mult ivar iable   methodology  could  s implify  the  control   design  task by 
r equ i r ing   j u s t   one   des ign   o r ,  a t  l eas t ,  by minimizing  the number of  operating- 
poin t   des igns .  

To make use   o f   redundant   o r   reconf igurable   hardware   a rch i tec tures ,   re l iab le ,  
f au l t - to l e ran t   so f tware   a lgo r i thms  must be   s tud ied .  Along w i t h   t h a t  w i l l  be 
work  on s e n s o r - a c t u a t o r   f a i l u r e   d e t e c t i o n ,   i s o l a t i o n ,  and  accommodation  algo- 
rithms. Success   of   this   technology  depends upon the  inherent   computat ional  
power  of t h e  computer t o  minimize  the  redundancy  requirements  on c r i t i ca l  sen- 
so r s   and   ac tua to r s .  

Much of t h e   f a i l u r e  accommodation  work w i l l  be   based  on  pr inciples   of   sys-  
tem iden t i f i ca t ion .   Iden t i f i ca t ion   t echn iques   pe rmi t   t he   pa rame te r=   o f   ana ly -  
t i ca l  models t o   be   de t e rmined   fo r   t he   sys t em  be ing   i den t i f i ed .   These   mode l scan  
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be   ident i f ied   f rom  da ta   ob ta ined   f rom  exper iments   o r   f rom  exerc is ing  a simula- 
t i o n  of the   p rocess  i n  ques t ion .  Models are n e c e s s a r y   t o  make use  of   r igorous 
cont ro l   des ign   procedures  as w e l l  as t o   d e t e r m i n e   f a i l u r e s  of  system  components. 
E f f o r t  w i l l  be   d i rec ted   toward   improving   the   accuracy   of   ident i f ica t ion   tech-  
n iques   and   enhanc ing   t he   capab i l i t y   o f   i den t i fy ing   i n  real time. These  improve- 
ments w i l l  a l l o w   f o r   t h e   f u t u r e   u s e   o f   a d a p t i v e   c o n t r o l   s t r a t e g i e s .  

CONCLUDING REMARKS 

I n  summary, then, i t  s h o u l d   b e   r e i t e r a t e d   t h a t   t h e r e  are a number  of  tech- 
no logy   needs   be fo re   r e l i ab le   d ig i t a l   con t ro l   o f   advanced   a i r c ra f t   powerp lan t s  
can become a r e a l i t y .  A number of   these   needs  are being  pursued  under L e w i s  
Resea rch   Cen te r   d i r ec t ion .   In   t he   spec i f i c  area o f   con t ro l   t heo ry   r e sea rch ,  
emphasis is on s implif ied  control   design  procedures   and on so f tware   t ha t  w i l l  
guarantee   re l iab le   opera t ion   even   under   condi t ions  of component f a i l u r e s .   T h i s  
work w i l l  cont inue  through a combina t ion   of   un ivers i ty   g ran ts ,   cont rac ts   wi th  
industry,   and  in-house  evaluat ions.  

9 2  
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ENGINE  IDENTIFICATION FOR ADAPTIVE  CONTROL* 

Robert G. Leonard  and  Eric M. Arnett 
Virginia  Polytechnic  Institute  and  State  University 

SUMMARY 

This  paper  describes  an  attempt  to  obtain  a  dynamic  model  for  a  turbofan 
gas  turbine  engine  for  the  purpose  of  adaptive  control.  The  ,requirements  for 
adaptive  control  indicate  that  a  dynamic  model  should  be  identified  from  data 
sampled  during  engine  operation.  The  dynamic  model  identified  was  of  the 
form  of  linear  differential  equations  with  time-varying  coefficients. A tur- 
bine  engine is,  however,  a highly  nonlinear  system, so the  identified  model 
would  be  valid  only  over  a  small  area  near  the  operating  point,  thus  requiring 
frequent  updating  of  the  coefficients  in  the  model.  Therefore  it  is  necessary 
that  the  identifier  use  only  recent  information  to  perform  its  function.  The 
identifier  selected  minimized  the  square  of  the  equation  errors.  Known  linear 
systems  were  used  to  test  the  characteristics  of  the  identifier.  It  was  found 
that  the  performance  was  dependent  on  the  number  of  data  points  used  in  the 
computations  and  upon  the  time  interval  over  which  the  data  points  were 
obtained.  Preliminary  results  using  an  engine  deck  for  the  QCSEE  indicated 
that  the  identified  model  predicted  the  engine  motion  well  when  there  was 
sufficient  dynamic  information,  that  is  when  the  engine  was  in  transient 
operation. 

INTRODUCTION 

Identification  is  an  essential  part  of  any  adaptive  control  strategy. 
It is  necessary  to  determine  the  current  performance  characteristics  of  a 
plant  in  order  to  adaptively  modify  the  overall  system  to  better  satisfy  a 
given  performance  index.  The  work  described  herein  focused  upon  the  develop- 
ment  of  identification  techniques  which  have  characteristics  suitable  for  use 
as  part  of  an  adaptive  control  system.  A  detailed  description  of  this  work 
is  available  in  reference 1. 

* 
Sponsored  by  NASA  Lewis  Research  Center  Grant  NSG3119. 
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DESCRIPTION OF THE  METHOD 

The  method  is  illustrated  by  applying  the  technique  to  a  simple  second 
order  system  described  by 

x + air + bx  = cu 

The  objective  is  to  identify  the  coefficients a, b, and c from  measurements  of 
the  input, u, and  output, x,  as  well  as  measurement  or  computation  of  the  deri- 
vatives, H and  x. An error, e, is  defined  and  forms  the  basis  for  an  equation 
error  identification  scheme 

where 2 denotes  the  estimated  or  identified  value of the  coefficient  a.  The 
estimates  are  chosen  such  that  for N discrete  samples,  the  index of performance 

is  minimized  to  provide  best  values  of  the  coefficients  in  a  least  squares 
sense.  Partial  derivatives  are  taken  with  respect  to  each  coefficient  which 
yield 

or 

N 
1=1 c (eu - ii - 2% - Gi = 0 
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and S) is  attractive  for  the  required  inversion. 

The  method  can  be  utilized  off-line  where  many  samples  from  operating 
records  can  be  used  in  the  summations.  Previous  investigations (2, 3) have 
successfully  used  this  method  to  identify  parameters  in  dynamic  systems. A 
more  challenging  use  for  the  method  lies  in  on-line  applications.  The  most 
challenging  application  is  in  the  area  of  adaptive  control  where  it  is  essen- 
tial  to  obtain a  description  (model)  of  the  system  in  real  time so that  the 
adaptation  can  be  effected. 

To  employ  this  identification  scheme  in  real-time  the  practitioner  must 
make  three  choices: 

1. a model  form  whose  coefficients  are  to  be  determined 

2. a  sampling  interval,  At,  between  the  times  when  the  input,  output, 
and  required  derivatives  are  sampled 

3 .  the  number  of  samples, N, which  are  to be used  by the identification 
algorithm. 

AN ILLUSTRATIVE EXAMPLE 

The  method  was  applied  to a  known  system  described  by  the  differential 
equations 

?l = ax 1 + bx2 

2 = cxl + dx2 + u 2 

with  two  fixed  coefficients, a = 0 ,  b = 1, and  with  the  coefficients c and d 
being  time  varying.  The  input, u, was  a  square  wave.  The  identification 
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technique  was  used  to  identify  these  four  coefficients. [A generalization  of 
the  technique  for  multiple  input/multiple  output  systems is  presented  in (l)]. 

Figures 1 through 4 show  the  results  from  four  of  the  test  cases  that  were 
conducted  to  illustrate  the  nature  of  the  method.  In  figure 1 it can  be  seen 
that  the  actual  coefficient  c  varies  linearly  with  time  while d varies  in  a 
sinusoidal  fashion.  Note  also  that  the  coefficients  vary  slowly  compared  to 
the  period  of  the  input  square  wave  which  is 0.5 seconds.  The  identified 
values  for  c  and d do  a  reasonably  good  job  of  tracking  the  actual  parameter 
values  in  figures 1, 2, and 3 .  In  figure 1 the  identification  window,  NAt,  is 
0.8 seconds  and  the  identified  values  tend  to  follow  approximately  half  of  this 
time  behind  the  actual  values.  The  identification  window  is  doubled  in  figure 
2 by  retaining 16 data  points  for  the  identification  rather  than 8. The  time 
lag  between  the  actual  and  the  identified  coefficients  is  again  approximately 
half  of  the  identification  window.  Figure 3 illustrates  the  use  of  a  smaller 
time  interval, 0.05 seconds  as  compared  with 0.1 seconds  in  figures 1 and 2, 
to  reduce  the  identification  window.  The  results  shown  in  figure 3 are  iden- 
tical  to  those  of  figure 1 where  both  identification  windows  are 0.8 seconds. 

Figure 4 illustrates  the  degradation  of  performance  which  results  when 
insufficient  information  is  provided  for  identification.  For  this  case  the 
input  period  was  increased  to 4 seconds,  the  approximate  settling  time  of  the 
system  being  identified.  With  this  slow  input  the  system  approaches  steady 
state  before  the  input  square  ware  changes  state.  As  the  system  approaches 
steady  state,  the  derivative  terms  required  in  the  identification  algorithm 
approach  zero  and  numerical  difficulties  are  encountered  adversely  affecting 
the  computed  values  for  c  and d. Immediately  following  the  reversal  of  the 
input,  the  algorithm  quickly  recovers  and  moves  toward  the  correct  result  but 
the  lack  of  sufficient  dynamic  information  precludes  the  attainment  of  satis- 
factory  identification.  With  this  lack  of  dynamic  information  no  combination 
of  sampling  interval  and  number of data  points  will  produce  satisfactory 
results.  If  such  a  condition  was  encountered  in  practice,  a  number  of  alter- 
natives  could  be  employed  including  suspension  of  the  parameter  identifica- 
tion  while  retaining  previous  results.  Another  possibility  would  be to 
change  the  model  form  for  the  identification  to  a  lower  order,  possibly  even 
a  static  model,  until  sufficient  dynamic  information  is  again  available  for 
use. 

APPLICATION  OF  THE  METHOD  TO  A  TURBINE  ENGINE  MODEL 

Engine  performance  data  were  obtained  from  a  digital  simulation  of  the 
QCSEE  (Quiet,  Clean,  Shorthaul  Experimental  Engine).  This  simulation  includes 
a  16th  order  model  (including  sensors  and  actuators)  and  the  nonlinearities 
for  such  items  as  the  compressor  maps  based  upon  curve  fits  to  typical  engine 
characteristics. 

One  of  the  objectives  of  this  preliminary  work  was  to  obtain  reduced  order 
linear  models,  probably  with  time-varying  coefficients,  which  could  be  used  to 
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describe  the  engine. It was  felt  that  these  models  would  be  applicable  about 
an  operating  point  and  that  they  may  be  capable  (with  suitable  identification) 
to  track  the  engine  under  transient  conditions.  Initial  efforts  were  tried 
using  a  second-order  model  to  account  for  the  two  spool  speeds  in  the  QCSEE 
since  it  was  felt  that  these  would  be  the  dominant  energy  storage  elements. 
These  attempts  were  not  fruitful. It was  necessary  to  add  a  third state, the 
compressor  outlet  temperature,  to  "account"  for  a  thermal  energy  storage. 

Some  promising  results  were  obtained  with  a  third-order  model  using  as 
states  the  compressor  spool  speed, NH, the  fan  spool  speed, NL, and  the  com- 
pressor  exit  temperature,  T3.  The  three  inputs  to  the  engine,  fuel flow, W M ,  
fan  blade  angle,  BETA,  and  the  fan  nozzle  exhaust  area, Al8, formed  the  input 
vector.  The  engine  was  excited  by  a  ramp  variation  in the.power  level  angle 
from 40" to 45" to 40" over  a  period  of  one  second.  Figure  5  shows  the  result 
from  one  of  these  preliminary  runs.  The  plots  show  the  variations  of  the 
three  eigenvalues  associated  with  the  state  variables.  As  expected  the 
dominant  (slowest)  eigenvalue  is  associated  with  the  fan  spool  speed  and  the 
fastest  is  associated  with  the  thermal  state  variable.  While  no  actual  veri- 
fication  of  the  numerical  values  obtained  from  the  identification  has  been 
made,  the  trends  and  approximate  magnitudes of the  results  are  encouraging. 

CONCLUSION 

The  identification  method  appears  promising  for  utilization  in  an  adap- 
tive  control  strategy.  The  algorithm  is  attractive  for  implementation  on an 
onboard  computer  if  models  of  low  order  can  be  used  to  adequately  describe 
the  engine  dynamics. No attempt  has  been  made  to  date  to  examine  a  combina- 
tion  of  scheduled  gains  with  adaptive  trim  which  may  be  necessary  to  follow 
rapid acceleration/deceleration transients  or  to  operate  the  system  in  the 
absence  of  adequate  dynamic  information. 
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MULTIVARIABLE NYQUEST ARRAY METHOD WITH APPLICATION 

TO TURBOFAN ENGINE CONTROL 

Gary G. L e i n i n g e r  
Purdue   Un ive r s i ty  

School   of   Mechanical   Engineer ing 
West L a f a y e t t e ,   I n d i a n a  

SUMMARY 

R e c e n t   e x t e n s i o n s   t o   t h e   m u l t i v a r i a b l e   N y q u i s t   a r r a y  (MNA) method are 
u s e d   t o   d e s i g n  a feedback   cont ro l   sys tem  for   the   Genera l   E lec t r ic -NASA  Quie t  
Clean  Shorthaul   Experimental   Engine (QCSEE). The r e s u l t s   o f   t h i s   d e s i g n  
are compared w i t h   t h o s e   o b t a i n e d   f r o m   t h e   d e p l o y m e n t   o f   t h e   G e n e r a l  Electric 
con t ro l   sys t em  des ign   on  a f u l l  scale n o n - l i n e a r ,  real-time d i g i t a l   s i m u l a -  
t i o n .  The r e s u l t s   o f   t h i s   r e s e a r c h   p r o g r a m   c l e a r l y   d e m o n s t r a t e   t h e   u t i l i t y  
o f   t h e  MNA s y n t h e s i s   p r o c e d u r e s   f o r   h i g h l y   n o n - l i n e a r   s o p h i s t i c a t e d   d e s i g n  
a p p l i c a t i o n s .  

The QCSEE t u r b o f a n   e n g i n e  w a s  developed by the   Gene ra l  Electr ic  Corpora- 
t i o n   u n d e r   c o n t r a c t   t o   t h e  NASA L e w i s  Resea rch   Cen te r   du r ing   t he   pe r iod  
1974-1978.  The d e s i g n   i n c o r p o r a t e s   p e r f o r m a n c e   a n d   s t r u c t u r a l   c h a r a c t e r i s t i c s  
u n l i k e   t h o s e   i n   a n y   e n g i n e   i n   p r o d u c t i o n   t o d a y   a n d   i n c l u d e s  

1. An ex t remely   h igh   by-pass   ra t io   and  a h i g h   t h r o a t  
Mach number i n l e t   f o r   n o i s e   s u p p r e s s i o n  

2 .  R e v e r s i b l e   p i t c h   f a n   b l a d e s   f o r   r a p i d   t h r u s t   r e s p o n s e  
(0 .8   s econds   f rom  approach   t o   fu l l   power )  

3 .  Geared   t u rb ine l f an   combina t ions   fo r   l ow  f an   speeds  
w i t h  a h i g h   t h r u s t   r a t i n g  

4 .  D i g i t a l   e l e c t r o n i c   e n g i n e   c o n t o l s  

5. Ex tens ive   u se   o f   compos i t e s   fo r   d rag   r educ t ion  
and   we igh t   cons ide ra t ions  

To i n c o r p o r a t e  a l l  f i v e   c h a r a c t e r i s t i c s   i n t o  a s i n g l e   p r o p u l s i o n   s y s t e m  
r e p r e s e n t s  a s i g n i f i c a n t   b r e a k t h r o u g h   i n   t u r b o f a n   e n g i n e   t e c h n o l o g y .   D u r i n g  
1978-1979, t h e  QCSEE e n g i n e  w a s  s u c c e s s f u l l y   t e s t e d  a t  the NASA L e w i s  test 
f a c i l i t y .  
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During   th i s   per iod   of   deve lopment   and   tes t ing   o f   the  QCSEE engine,  
NASA developed a h igh ly   non- l inea r   accu ra t e  real-time d i g i t a l   s i m u l a t i o n   o f  
t h e   e n g i n e  a t  sea-level s t a t i c  condi t ions.   This   non-l inear   model  w a s  used 
i n   e x t e n s i v e  tests a t  t h e  NASA Ames i n - f l i g h t   s i m u l a t o r   f a c i l i t y   f o r  t es t  
p i lo t   eva lua t ions   o f   i n t eg ra t ed   eng ine   a i r f r ame   combina t ions  [l]. 

Using   the   non- l inear   s imula t ion ,  a set o f   t r a n s f e r   f u n c t i o n  matrices 
were genera ted   for   each   of   f ive  power l eve r   s e t t i ngs   cove r ing   t he   r ange   f rom 
approach power t o   f u l l  power, i .e . ,  62.5% t o  100%. The  method  used t o   o b t a i n  
t h e   l i n e a r   m o d e l s  i s  i d e n t i c a l   t o   t h a t   u s e d  i n  t h e  F/100 s tudy.  S t e p  response 
compar ison   of   the   l inear   models   wi th   the   non- l inear  QCSEE s imula t ion   va l ida t ed  
the  models a t  each   ope ra t ing   po in t .  

For   the  QCSEE e n g i n e ,   t h e r e  are th ree   man ipu la t ed   va r i ab le s   ( i npu t s ) :  
f u e l   f l o w ,   n o z z l e  area, and   f an   b l ade   p i t ch   ang le .  The measurable   outputs  
f o r   t r a n s f e r   f u n c t i o n   e v a l u a t i o n  were s e l e c t e d   t o   b e :   f a n   s p e e d ,   i n l e t   d u c t  
p re s su re  (P12), and  combustor exi t  p re s su re  ( P 4 ) .  I n l e t   d u c t   p r e s s u r e   c o n t r o l  
p r o v i d e s   a n   i n d i r e c t   c o n t r o l   o v e r   i n l e t  Mach number fo r   no i se   suppres s ion  
wh i l e   combus to r   ex i t   p re s su re   con t ro l   p rov ides  a con t ro l   o f   eng ine   t h rus t  
response.  

With the   i npu t s   and   man ipu la t ed   ou tpu t s   i den t i f i ed   above ,   an   ex tens ive  
cont ro l   synthes is   p rogram was executed   us ing   the   mul t ivar iab le   Nyquis t   a r ray  
(MNA) method [ 2 , 3 , 4 ]  a n d   t h e   r e c e n t   e x t e n s i o n s   t o   m u l t i v a r i a b l e  Bode diagrams 
(MBD) and   Nichols   char t s  (MNC) [ 5 , 6 , 7 ] .  The QCSEE des ign  was i n i t i a l l y  pe r -  
formed  holding  nozzle area f u l l  open   w i th   f i xed   f an   b l ade   p i t ch   ang le  a t  a 
power s e t t i n g   o f  62.5% of f u l l  power.  The con t ro l   des ign  was then   eva lua ted  
a t  o t h e r  power s e t t i n g s   a n d   t e s t e d   i n   t h e   n o n - l i n e a r   s i m u l a t i o n   t o   e v a l u a t e  
engine  performance  during a power slam from 62.5% t o   f u l l  power (100%). 
Non- l inea r   s imu la t ion   t r ans i en t s  were then  compared w i t h   t h e   f u l l  scale 
G e n e r a l   E l e c t r i c   c o n t r o l  time response.  

The G e n e r a l   E l e c t r i c   c o n t r o l   d e s i g n  is based  upon a series o f   s i n g l e  
inpu t ,   s ing le   ou tpu t   des ign   eva lua t ions   w i th   l oop   i n t e rac t ions   accoun ted   fo r  
q u a l i t a t i v e l y   r a t h e r   t h a n   q u a n t i t a t i v e l y  [ 8 ] .  In   t he   ac tua l   imp lemen ta t ion  
of t h i s   con t ro l ,   t he   man ipu la t ed   i npu t   va r i ab le s   a r e   s chedu led   acco rd ing   t o  
engine  operat ing  environment .   In  a power slam mode f u e l   f l o w  i s  t h e   o n l y  
v a r i a b l e   i n p u t   o v e r   t h e  62 .5% t o  80% power range. A t  80% power, f a n   p i t c h  
ang le  is ac t iva t ed   and  a two i n p u t   s i t u a t i o n  i s  i n   o p e r a t i o n .  A t  t h e  power 
l e v e l  of 90% e x i t   n o z z l e  area is ac t iva t ed   and  a t h r e e   i n p u t   s i t u a t i o n  arises 
u n t i l   f u l l  power i s  achieved.  A l l  MNA des ign   s imula t ions  were compared wi th  
time r e s p o n s e s   r e s u l t i n g   f r o m   t h i s  GE c o n t r o l .  

The next   phase of t h e  MNA design  program  used  fuel   f low  and  fan  pi tch 
a n g l e  as inpu t s   w i th   f an   speed  and  combustor ex i t  p re s su re  as the  measured 
outputs .   Nozzle  area was a g a i n   h e l d   t o  a f ixed   open   pos i t ion .   Us ing   the  MNA 
method w i t h   t h e  Bode and   Nichols   op t ions ,   cont ro l   sys tems were synthes ized  
f o r   t h e  two inpu t ,  two output  models.  It was e s t a b l i s h e d   t h a t  a f i x e d   c o n t r o l  
conf igura t ion   could   be   used   over   the  power l eve r   r ange   p rev ious ly   i nd ica t ed .  
T h i s   c o n t r o l   u n i t  w a s  t h e n   a p p l i e d   t o   t h e   n o n - l i n e a r   s i m u l a t i o n  and  compared 
w i t h   t h e  GE con t ro l   r e sponses .  The s i g n i f i c a n t   r e s u l t   e s t a b l i s h e d  a t  t h i s  
p o i n t  was t h a t   f a n   p i t c h   a n g l e  (and fue l   f l ow)   can   be   u sed   e f f ec t ive ly  a t  low 
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power s e t t i n g s   w i t h o u t   v i o l a t i n g   t h e   p h y s i c a l   c o n s t r a i n t s .  It p rov ides -   fo r  
a r ap id   t h rus t   r e sponse   w i th  a s ign i f i can t   l ower   expend i tu re   o f   t o t a l   fue l  
consump t ion .  

The r e s u l t s  of t h e  two inpu t ,  two output  case above were e x t e n d e d   t o   t h e  
three   input - three   ou tput   sys tem w i t h  nozz le  area as t h e   t h i r d   i n p u t .   T h i s  
i n p u t   v a r i a b l e  is used t o   p r o v i d e   a d d i t i o n a l   c o n t r o l   o v e r   i n l e t  Mach number 
w i t h   i n l e t   d u c t   p r e s s u r e  as t h e   t h i r d   o u t p u t   v a r i a b l e .  System  dominance w a s  
ea s i ly   ob ta ined  a t  each power set t ing  with  c losed  loop  system  performance 
des igned   u s ing   t he   mu l t iva r i ab le  Bode diagrams.  Non-linear  simulation 
r e s u l t s  of t h e  MNA c o n t r o l  are compared with  those  obtained  f rom  the GE con- 
t r o l .  A representat ive  comparison i s  p rov ided   i n   t he  accompanying f i g u r e s .  

The dashed   curve   in   each   of   the   f igures   represents   the  t i m e  response  of 
the   non- l inear   s imula t ion   to   the   Genera l   E lec t r ic   cont ro l   under  a s t e p  power 
demand from  62.5%  of f u l l  power t o  100% f u l l  power. The so l id   cu rves   r ep re -  
s en t   t he   co r re spond ing   r e su l t s   u s ing   t he   con t ro l   des ign   ob ta ined  from t h e  
mult ivar iable   Nyquist   array  method.  

The MNA design w a s  ob ta ined   th rough  the   fo l lowing   procedure :  

S t e p  1. 

Step 2 .  

Step 3 .  

S t e p  4 .  

Step  5. 

Determine  l inear  s t a t e  space  models  and  system  transfer 
func t ions   about   the   s teady  s t a t e  ope ra t ing   po in t s  of 
the  non-l inear   s imulat ion  with  the GE c o n t r o l  and 
r e l a t ed   con t ro l   cons t r a in t s   d i sengaged .  

Using  [7]  obtain  diagonal  dominance. 
(Nominally 2 CPU minutes  on a PDP 11/70) 

Evaluate   performance  in   each  control   loop  using  [6] .  

I n s e r t  MNA c o n t r o l   i n t o   n o n - l i n e a r   s i m u l a t i o n   t o   e v a l u a t e  
t i m e  responses.  

Overlay GE and MNA cont ro l   responses .  

I n   a d d i t i o n   t o   t h e   c o n t r o l   d e s i g n   f o r   t h e  QCSEE engine  the MNA method 
has   a l so   been   success fu l ly   app l i ed   t o   t he  F 100 turbofan  engine [ 4 ] .  

REFERENCES 

1. Mihaloew, J .  R.  and Hart, C .  E . ,  "Real T i m e  D ig i t a l   P ropu l s ion  System 
Simula t ion   for  Manned Fl ight   S imula tors , "  NASA TM-78958, 1978. 

3 .  Leininger ,  G .  G . ,  "Diagonal Dominance fo r   Mul t iva r i ab le   Nyqu i s t  A r r a y  
Method Using  Function  Minimization,"  Automatica, May 1979. 

10 7 



4. Leininger ,  G.   G. ,  "The Mult ivar iable   Nyquist   Array:  The Concept of 
Dominance Sha r ing , "   A l t e rna t ives   fo r   L inea r   Mul t iva r i ab le   Con t ro l ,  
eds.  Sain,  Peczkowski,  and Melsa, NEC Inc.,  1978. 

5. Leininger ,  G.  G . ,  "New Dominance C h a r a c t e r i s t i c s   f o r   t h e   M u l t i v a r i a b l e  
Nyquist   Array  Method,"  International  Journal  of  Control (To appear  1979). 

6 .  Leininger ,  G.   G . ,  'Wul t iva r i ab le  Compensator  Design  using Bode Diagrams 
and  Nichols  Charts," IFAC-CAD of  control  Systems Symposium, Zurich,  
August  29-31, 1979, PP. 127-132. 

7. Leininger ,  G .   G . ,  "An I n t e r a c t i v e   D e s i g n   S u i t e   f o r   t h e   M u l t i v a r i a b l e  
Nyquist  Array  Method,"  Ibid,  pp. 305-330. 

8. "Digital  Control  System  Design  Report: QCSEE," General  Electr ic  Corp., 
NASA CR-134920, 1978. 

108 



D i f f e r e n t i a l  
Xflu Fuel Metering 

STEP RESPONSE 
*.XE-I 1 

I ;  

- MNA SIMULATION 
"-. QCSEE SIMULATION 

.- "" """".""""""""""""""""". 
LT"" r"- 1"" 7""" 

TIRE It1 SECONDS (XE 0 )  
0.00 1 .ee 2.00 3.08 

INITIAL FLrim 63.5 FXNFIL PLR- i8e.0 POWER CPlD AT 2.89 

STEP RESPONSE 
!%E 2 )  

I ;  
I i  

Different ia l  Ht: Fan Speed 

I / -- QCSEE SIMULATXON I 

1 :  

- MNA SIMULATION 

2*88 7 

0.08 f """ i """""""~""."."".""""""""""""""""~". 
LT"" I"" 7"" '7""" 

8.08 1 .ea 2.88 3.88 

INITICIL PUI. 62.5 FIML PM= 1w.o POUER CIID at a.00 
TIRE I N  SECONDS C X E  8 1 

109 



STEP RESPONSE 
( X €  3) 

D i f f e r e n t i a l  
FN t T h r u s t  

"""""""""""""""" """ ""."" 
LY"" 

IHITIFIL PW- 62.5 F I N ~ L  F L ~ =  109.0 POWER cmo aT 2.00 

r"" 1"" 7""- 

TIPlE IN SECONDS <%E 6) 
0 . 0 8  1.80 2.88 3.80 

- MNA SIMULATION 
--. QCSEE SIMULATION 

STEP RESPONSE 
( X €  1 )  

+ D i f f e r e n t i a l  
THETA1 Fan R l a d e   P i t c h  Angze 

I 
I 
I 

- NNCI SIMULATION 
". QCSEE SIMULATION 

I 
I 
I . +"" r"" 1"" 7""- 

0.09 1 .e0 2.08 3-80 

1 10 



MULTIVARIABLE  SYNTHESIS  WITH  TRANSFER  FUNCTIONS 

Joseph L. Peczkowski 
Bendix Energy  Controls Division 

ABSTRACT 

A transfer function  design theory for multivariable  control  synthesis is 
highlighted.  The use of unique transfer function matrices and two simple,  basic 
relationships - a synthesis equation and a design equation - are  presented and 
illustrated.  The  basic  idea of the  method is straightforward,  easy to understand  and 
easy to apply. 

This  multivariable  transfer function approach  provides the designer with a 
capability to specify  directly  desired  dynamic  relationships between command 
variables and controlled or  response  variables. A t  the  same  time,  insight  and 
influence  over  response,  simplifications and internal  stability is afforded by the 
method. A general,  comprehensive  multivariable  synthesis  capability is indicated 
including  nonminimum phase and unstable  plants. Gas turbine engine examples  are 
used to illustrate  the  ideas and method. 

INTRODUCTION 

The  concept of transfer function has been  a mainstay of control  engineering 
and design. A primary motivation to use  transfer functions for  multivariable  design 
is to increase  insight,  choices and simplifications so that a designer  may  interact 
with multivariable  systems in a more  direct and integrated  manner.  The  multi- 
variable  transfer  function  idea was applied to jet engine control by Boksenbom  and 
Hood (1) and Feder and Hood (2) about  mid-century. Practical computation  with 
transfer function matrices  was a difficult  issue at that  time; and,  the question of 
how to extend  performance  specifications to matrices of transfer functions  posed 
another  difficulty which is still not  completely  resolved. In this  paper,  the  use of 
transfer functions for  design of controller  dynamics  for  linear  multivariable  models 
of turbine  engines is reexamined. 

Control  system  design  methods in  the frequency domain traditionally  have 
been of two types. In the first type, the  designer  works  indirectly  to  adjust  open 
loop characteristics so that, when the loop is closed,  an  acceptable  system  results. 
In the  second type, the  designer  works  directly  from  the  closed loop specifications 
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to the  specific  controller  dynamics  required. We refer  here to this second type 
method as a synthesis method. A classical discussion of both  methodologies  may be 
found in Truxal (3). 

Two multivariable transfer function system  relationships  are derived- a 
design  equation and a synthesis equation. The  synthesis  equation is used to display 
internally  stable  closed loop response  possibilities;  the  design equation is used to 
compute and simplify  explicit  controller  dynamics.  Gas  turbine engine examples 
illustrate  ideas and methodology. 

MULTIVARIABLE  CONTROL  SYNTHESIS 

The  basic notion of multivariable  control  synthesis with transfer functions is 
straightforward  and  easy to understand.  Consider  Figure 1, a block diagram for a 
unity  negative  feedback  multivariable  structure with no disturbances.  References, 
error ,  plant input  and plant output a re  designated r, e, u  and  y respectively. 
Assume  the  plant  has  equal  numbers of inputs and outputs,  thus P(s) is a square 
matrix of transfer functions.  This  assumption is not nearly as restrictive  as one 
might  suppose at the  outset.  More on this later. The controller G(s) is also  square. 

Figure 1. Unity Feedback  Structure 

The  problem is, given plant P(s), to design a controller G(s) to achieve 
desired,  internally  stable,  closed loop response  T(s) as indicated in Figure 2. The 
objective is to design G(s) so that  closed loop response  T(s) is achieved in such a 
way that  designer  choices,  insight and influence a re  made  available and remain 
accessible.  References (4) and (5) can  provide more  details for the interested 
reader. 

, y F p  

Figure 2. Desired  Response 
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A Design Equation 

From Figure 1, the  total  response of the unity feedback loop is 

y = P G  ( I + P G  I-lr 

The desired  response is 

y = T r  

Combining equations (1) and (2) and solving for G(s) gives the  controller 

G = P  T ( 1 - T )  
-1 -1 

This equation may be written  in  a convenient, compact form 

G = P - ~ Q  

where Q, a  performance  matrix, is defined by Q = T ( I - T ) . Equation (4) is 
named  the  design  equation for  controllers G(s)  under the unity feedback structure of 
Figure 1. The design  equation  simply and clearly ind' ates  that  controller  design 
focuses upon the properties of the  plant  inverse, P(s) , and how they interact with 
Q(s), the performance  matrix. 

-1 

-Y 

For  a unity feedback structure  as in  Figure 1, and the case of decoupled 
response  forms  where the response  matrix  T is diagonal, a Q-T transform  table 
conventently exhibits  elements of the  performance  matrix,  qii,  corresponding to 
given elements of the response  matrix, tii. Table I lists some  standard  response 
forms and related  performance  element  forms  for unity feedback loop structures. 

TABLE 1 

A Q VS. T Transform Table - Unity Feedback,  Decoupled  Response 

[.- DESLRED 4i ( S )  

___ 

I (SI I 
1 

T s + l  
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More General  Feedback  Structure 

To effect  control of a  plant it is necessary to use  actuators to drive  inputs 
and to use  sensors to measure outputs.  Moreover, sensors and actuators can 
introduce  significant  dynamical  effects  into  signal  paths of the loop. Therefore, a 
more  general feedback structure, which accommodates these effects, is shown in 
Figure 3. 

V 
A +  

d U  

PJ+ 

Figure 3 General  Feedback Loop 

A(s )  and S(s) are diagonal actuator and sensor  matrices,  respectively. The output 
y is sensed and becomes  ys; the input request,  ur , commands the actuators to 
produce  the  plant  input, u. 

From Figure 3, overall  response of the loop is 

y = ( I + P A G H s ) - ~  PAG r 

The desired  response is 

y = T  r 

Combining equations (5) and (6) and solving for the controller G 

G = A  P T ( I - H S T ) - l  
-1  -1 

A performance  matrix 

Q = T   ( I -  HST) 
-1 

is easily identified. The design equation becomes 

G = A  P Q 
-1  -1 
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This is a design equation for feedback systems depicted in  Figure 3 with the 
performance  matrix Q per equation (8). Equation (9) is a  generalization of equation 

' (4); controller  dynamics a re  determined by the characteristics of the  actuated  plant 
inverse, ( P A ) - l ,  and the  performance  matrix, Q. The plant  inverse  transfer 
function matrix is a key element in  the design equation. What about the existence of 
the plant  inverse ? Is this a  serious  restriction to transfer function design ? 

The Plant  Inverse 

Fortunately,  the need for  existence of the  plant  inverse  turns  out to be not a 
significant  limitation of the  design equation. Rather,we can indicate to the  contrary 
that  the  plant  inverse  establishes and displays  vital  plant  characteristics needed to 
effect  successful  closed loop control design. Four  system and plant  features, 
essential  for  design,  are  established and identified by the  plant  inverse  transfer 
function: 

1. meaningful multivariable  control (6) 
2. plant trackability (8) 
3. multivariable  plant  zeros (9) 
4. cancellations and simplifications 

Rekasius (6) and  Wonham  and Morse (7) have shown that if the  number of 
plant  inputs  equals  the numbers of its outputs and if P(s) is full  rank, i. e., P(s)-l 
exists, then one has both a meaningful multivariable  control  problem and necessary 
and sufficient  conditions for  existence of a physically realizeable  controller  that 
decouples the system. If the  number of plant  outputs is greater than  the  number of 
its inputs,  some of the outputs cannot be  controlled independently. Even i f  the 
number of plant  inputs exceeds the  number of its outputs, independent control of all 
outputs is not possible if  the plant  transfer function matrix,  P(s) is not full  rank (6). 

R. J. Leake, et  a1 (8) define a  step  trackable  linear  multivariable  plant as  
one  which can asymptotically  achieve any constant  steady-state output with a bounded 
control. It is shown that step  trackability  for  proper  rational continuous square 
plants is equivalent  to  the  conditions  that: 

1. the plant is invertible 
2. the  plant  has no multivariable  zeros  at the  origin ( s = 0 ) 

Leake goes on to show the  significance of step trackability by demonstrating  that 
internally  stable, decoupled closed loop design is possible if  and only if  the plant is 
step  trackable. 

Importantly,  the  multivariable  zeros of a plant, P(s), are  the  poles of the 
inverse, P(s)-l, Wyman  and Sain (9). Therefore,  multivariable  plant  zeros are  
readily identified from the factored  form of the inverse  transfer function matrix. 
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Thus,  existence of the plant  inverse  assures conditions  needed  to effect 
design.  Moreever,  the  plant  inverse  matrix  provides essential design  information 
about plant  trackability,  about  plant  multivariable  zeros  and  about existence of 
meaningful  and  internally  stable  closed loop control  realizations. 

A Synthesis  Equation 

Little  has  been  said  about loop stability.  From  another view of the  problem 
of synthesis of closed loop controllers, a synthesis  equation will be derived which 
can be used to establish existence of internally  stable  closed loop controllers.  The 
synthesis  equation  was first proposed by Dr. R. J. Leake of Fresno  State. Connec- 
tion of the  equation to current  system  theory (10) and internal  stability  was  made by 
Dr. M. K. Sain of Notre Dame.  The author is happy to acknowledge  continuing 
collaborations and discussions with Professors Sain  and  Leake on multivariable 
synthesis with transfer  functions. 

Consider  Figure 4 where r denotes  request, u denotes  control  action,  and 
y denotes  response. Under broad  assumptions,  there  exist  linear  operators T: R+Y 

Figure 4 A General  Control  System 

and M: R-rU,  where R, U,  and Y may be understood  as  R(s)-vector  spaces of finite 
dimension  such  that (5) 

y = T r ,   u = M r  (10) 

The  plant  can  be  understood  in  terms of an  operator P: U+Y, such  that 

y = P u  (11) 

Combining equations (10) and (11) obtains the relationship 

T = P M  (12) 
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Bengtsson(l0)  proves  that  internally  stable  feedback  realizations of systems  depicted 
by Figure 4 exist if any  only if M is proper  and  stable and T is proper and stable. 

Imposing a tracking  requirement,  as  for  example  that  y  should  asymptotically 
track  step  responses, then P must be  epic. If in addition  the number of inputs 
equals  the  number of outputs,  then P is monic  also.  Therefore, we can  address  an 
inverse  total  synthesis  problem ( ITSP ) (5) which is governed by the  synthesis 
equation 

M = P  T -1 

Note that  equation (13) is similar  in  form to design  equation (4) or (9). 

Two Basic Equations 

Two equations form a basis  for  multivariable  synthesis with transfer functions: 

0 the synthesis  equation M = P - l T  

0 the design  equation G = P-lQ 
The  idea is, for given plant P, to select proper and stable  T so that M is also 
proper and stable. This insures  existence of internally  stable  controllers.  Thus, 
the  synthesis  equation  displays all possible  responses T which have  internally 
stable  feedback  realizations. 

Feedback  realizations of M, by controller  dynamics G and H, as  indicated  in 
Figures 1 and 3, are  obtained by applying  the  controller  dynamics  design  equation 
G = P-' Q. The  response  matrix  T  maps to the performance  matrix Q = P G  in 
Figure 1 and Q = PAG in  Figure 3. The  issue of internal  stability of closed loop 
realizations is still under  study (4), (5) . However, applications of the  synthesis and 
design  equations to numerous  examples,  including nonminimum phase  plants,  suggest 
the  conjecture  that if M and  T are proper and stable, and if no cancellations of 
right hand  plane  poles  and  zeros  occur in the open loop matrix  products PAGHS 
(Figure 3 ), then internal  stability of the closed loop is assured. In any event,  in  the 
abscence of a complete  general  theory and proof, doubts on internal  stability  can  be 
resolved  in  practise by computer  simulations of specific  closed loop realizations. 

The foregoing  ideas  and  use of the  synthesis and  design  equations are illus- 
trated by examples. 

DESIGN EXAMPLES 

Two turbine  engine  examples are given to demonstrate  linear  multivariable 
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synthesis with transfer functions.  The first design  example  uses a third  order 
research  model of General Electric's 5-85 engine  with two inputs  and two outputs. 
The  second  example uses a sixth  order  model of Pratt & Whitney's F l O O  engine (11) 
with four  inputs and four  outputs.  It is a pleasure to acknowledge the  computational 
support of E. J. Olbey, S. A. Stopher and J. W. Wildrick of the Bendix Energy 
Controls Division. 

Example 1 

A transfer function matrix of the 5-85 engine at sea level, 100% speed 
condition is given by 

y = P(S) u 

where  y is the  output  vector and u  the  input  vector.  The  output  vector y'=(N, T )  
where N is rotor  speed, RPM, and T is turbine  temperature, O F .  The  input 
vector u' = (Wf , A-  ) where Wf is fuel flow,  pounds per  hour, PPH, and Aj is 
nozzle area, in2.  The  plant  transfer  function is 

J 

5.6 55.7 
(. 61s+l) ( .016s+l) (. 61s+l) ( .06s+l ) 

. 1 7  (1.3s+l ) -1.9 P(S) = 

(. 61s+1)(. 23s+1) (. 016s+l ) (. 61s+1)(.  23s+l)(. 06s+1) 

Response  Specification 

A closed loop controller is desired to control  the  engine so that  system 
response to a  step: 1. settles in one second, 2. has no overshoot, 3. obtains  zero 
steady  state  error.  Also,  decoupling of the  output is desired thus  the response 
matrix T is diagonal.  The  control  problem is pictured by the  diagram  in Figure 5. 

Figure 5 5-85 Engine  and Control 
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Plant  Inverse 

The  plant  inverse  matrix is calculated first. The  plant  inverse exists, therefore, a 

-l [ 1 .094 (. 016s+l ) 2.8 (. 016s+l ) (. 23 s + 1 ) 

.0084 (. 06s+l )(1.3s+l ) -. 28(. 0 6 s + l )  ( .23s+l ) 
P(S) = 

meaningful  problem is posed;  and , it is possible  to  shape  the  response of the  outputs 
independently with the  available  inputs.  Decoupled  response is possible.  The  plant 
has no multivariable  zeroes since P-l has no poles.  Thus P and P-l indicate that 
at the given condition,  the 5-85 engine is a stable plant  with no multivariable  zeros. 
No possibility  for  rhp  cancellations  from  the  plant. 

Synthesis  Equation 

The  synthesis  equation, M = P-lT, is applied to determine  possible  loop 
responses.  Internally  stable  realizations exist if and  only if both M and T are 
proper and stable. For diagonal T 

0.94 (.016s+1 ) 
M =  [ t l l  2.8(. 016~+1)(.  23s+l) $2 

0084(. 06~+1) (1 .3~+1)  t l l  -. 28(. 06~+1)(.   23s+l) t22 1 
M is proper  and stable when tll, t22 = K (*) 

2 

( T l S f l )  ( T2 s+l ) (*) 
form. 

Selection of Response  Matrix 

To meet  response  specifications,  the  response  matrix T is selected and 
structured  initially as follows: 

0 diagonal - decoupled  response 
0 predominant  time  constant = .25 sec - one  second  settling 
0 gain = 1 - zero  steady state e r r o r  
0 tii = 1/ ( .25 s +_ 1 ) (*) - to satisfy  synthesis  equation 

The above structure of T implies that the performance  matrix  Q=T(I-T)-l 
is also  diagonal  and  9ii = K/s  (*). Of course t l l  and %2 can be chosen  differently 
and  independently. 
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Design  Equation 

Controller  dynamics are computed by the  design  equation G = P-lQ. For 
diagonal Q 

I- 1 

.094 (. 016s+l ) 

.0084(.  06s+l)(1.3s+l)  qll -. 28(. 06~+l)( .   23s+l)   q22,  I 911 2.8 (. 016s+l) (. 23s+l) q2, 
G =  

I 
L -I 

The  above  matrix  form  clearly  shows  that G is simplified if qll = q22= K/s(. 06s+l) 
(.016s+l).  Combining  the  and tii requirements  gives 

- 1 - 
51 - t22 

- 
(. 25s+l)(.  08s+l)(  .016s+l ) 

and 

2.89 
911 - 922 - 

- - 
s ( .06s+l ) ( .016s+l ) 

Then  controller  dynamics are 

.27  8.1  (.23 s + 1 ) 
s (.06 s + 1 )  s (.06 s + 1 )  

s ( .016 s + 1 )  s ( .016 s + 1)  I G(s)  = 
.02  (1.3 s + 1 )  -.81 ( . 2 3 ~  + 1)  

Verification 

Computer  simulation of the 5-85 closed  loop  system  (Figure  5 ) with the  above 
controller  dynamics  verifies  the  desired  response  T = I/(.25s+l  )(.08~+1)(.016s+l ). 
Figure 6 shows the response of the  J-85  engine-control  system to a 500 RPM  step 
in  speed  request NR only. Response  specifications  and  decoupling are achieved. 
Figure 7  shows  system  response  for 500 RPM  step  in  speed  request NR and -50 
degree  step in temperature  request TR. 

Example 2. FlOO Turbofan  Engine 

An extensive set of linear state descriptions of the FlOO turbofan  engine 
were  given  by Miller and  Hackney (11). In this example a reduced  model at sea 
level, 67 degree  power lever condition is controlled. This example  illustrates a 
realistic design  situation  including  engine,  actuators and sensors. Use of approxi- 
mate  cancellations to simplify  the  controller is also  illustrated. 
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Figure  6.  5-85 Response t o  500 RPM S t e p  

F igu re  7. 5-85 Response t o  500 RPM S t e p  
and -5OO Temp. S t e p  

12 1 



Engine  Dynamics 

A reduced state model of the FlOO engine at sea level, 67 degree  power 
lever condition is 

where 

A =  

B =  

C =  

-4.064 
.03718 
.03389 

[ 
1.164 
.05174 
.00184 

.a666 
,9096 -. 007994 

5.643 
.2508 
.Ol 

1 0 
0 1 
0 0 
0 0 

3.895 
-2.958 
,0067 

-2.646 -. 1176 
.0036 

-14.51 
-58.46 
-79.66 
-112.2 
-4.99 -. 3166 

0 0 
0 0 
1 0 
0 1 

-470.5 
-59.13 
-4.442 
-331.6 
- 14.74 -. 601 

-96.14 
- 1.053 
1.2 
-18.23 -. 8106 -. 02915 

7.971 
.1727 . 0059 

-50.05 
-2.001 
.00008 

- 
9.246 
-60.15 
.3673 
41.53 
1.846 
.07426 

e 

0 0 
0 0 
0 0 
1 0 

5.294 -3.005 
2.08 12.43 
.1474 .0985 -. 473 - 11.36 
-2.021 -. 505 
,0009 -. 666 . 

B= 
0 ... 0 

. .  . . e . 0 '  

0 0 - 
The states, x, inputs,  u, and outputs, y, are 

x1 = Nl, fan speed, RPM u2 = AJ,  exhaust nozzle area, FT2 

x2 = N2, compressor speed, RPM u3 = CIVV, inlet vane position, DEG 

x3 = P7, augmentor pressure, PSI u4 = RCVV, compressor vane position, DEG 

x 4  = T h i ,  fan turbine temperature (fast), OF y 1  = N1. f a n  speed, RPM 

x5 = TIC,  fan turbine temperature (slow), OF y2 = N2, compressor speed, RphI 

x6 = T ,  burner temperature (slow), O F  y3 = P7, augmentor pressure, PSI 

u1 = WF, fuel flow, PPH Y4 = FTIT, fan turbine inlet temperature, OF 
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The  transfer function matrix of the engine ( y = P u ) is P = C ( sI-A )'lB + D and is 
shown in  Figure 8. In the  figure the  notation (T s+l ) = (T) and ( A s2 + b s +1 )=(a,b) 
is used to save  space. A stable,  sixth  order  plant is indicated. The reader will 
note  that  the  poles  corresponding to the time  constants ( 1.43 ) and (. 491 )may  be 
eliminated by approximate  cancellations;  thus, the essential dynamics are fourth 
order. 

Figure 8. FlOO Transfer Function Matrix 

The plant inverse  matrix is shown in Figure 9. The factored  form  indicates  that  the 
inverse  has two poles  associated with time  constants  (1.55 ) and (. 470 ) which are 

zeros of the plant. Again, these  factors  approximately  cancel  from the plant inverse 
matrix. 

.697(1.55)(.  470)(. 119) 42.6(1.55!(.470)(-.007) 7.7.5(1.5.1)(.GOO)(.013) 

-.OSG(1.55)(.470)(.235) .0450(1.55)(.470)(-.010)  -4.50(1.55)(.470)(.0003) .IGO(l,5G)(.46!l)(.009) 
-.OOOZ4~(1.54)(.655)(.470) .0005d$(1.51)(.47O)(-.l'lZ) -.129('.55)(.470)(.097) .0027Cl(1.41)(.4GZ)(.OO8) 

-.03G5(1.57)(.470)(.4(J3j -.138(1.50)(.470)(-.05G) .144(1.27)(.401)(.019) 

(1.65) ( .470) 

Figure 9. FlOO Inverse  Matrix 

Response  Specification 

Assume  the output response  specifications of the FlOO engine a re  
1. decoupled system, 2. step  response  settles in 1 second, 3. no overshoot, 4. 
zero  steady state error. The desired feedback structure is shown in  Figure 10. 
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Figure 10. General  Feedback  Structure 

Actuator  dynamics are given by u = A U r  and sensor  dynamics are given by ys= Sy 
where 

1 0 0 0 1 
.05s+l   .02S+l  0 0 0 

A = 1 1 '2r1 1 .l+l :]; S = [ 0 .02s+l 0 1 0 1 0 
0 

0 0 0 0 0 0 1 
. 02s+ l  

. ls+l . 5 s + l  

M =  

Synthesis  Equation 

The  synthesis  equation M = A-lP-' becomes 

-.33(.  11)(.05) tll .90(.12)(.05) $2  42(-.01)(.05) t33 7.8(.02)(.05) t44 
-.0002(.66)(.2) tli .0005(-.1i)( .2) t22 -.13(.1)(.2) t33 .003(.01)(.2) t44 -. 046(.24)(. 1) t l l  .045(-. O l ) ( .  1) t22 -4.5(. 1) t33 . 16(.01)(. 1) tg  
-.0035(.061)(. 1) tll  -.037(.40)(.1) $2 -.14(-.06)(.1) t33 .14(.02)(.1) t44 

M is stable and proper when the Qi form is K/(Ts+l)(Ts+l).  Based on the response 
specifications, tii = l/(. 25s+l)(. Ols+l ) is chosen. 

Design  Equation 

The design  equation G = A' P- Q defines  controller  dynamics  where 
Q = T ( I - HST )-l. Using  the  above T, A, S and P-l matrices and  choosing H = I, 
the controller G(s), simplified by cancellations and approximations,  turns  out to  be 

1 1  
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3.2(.  12)(. 05) 152(. 05) 10(.02)(.05)(.  5)/(. 16) 
.002(-.17)(,2) -.4G(.1)(.2) .004(,  01) (. 2) (. 5)/(. 16) . X(. 24)(. 1) .16(-.01)(. 1) -16 (. 1) .21(.  01)(.  1)(. 5)/(. 1G) -. 13(.40)(. 1) 49(-.06)(. 1) 19(. 02)(. 1)(. 5)/(. 16) 1 

Verification 

System  output  response of the F l O O  engine  using  the  above  controller  was 
verified  by CSMP simulations.  Command  responses  and  decoupling  for a step 
request of 4 PSI P7 augmentor  pressure  and  for a step  request of 50 degrees FTlT 
temperature are shown in Figures 11 and 12 respectively. 

SUMMARY REMARKS 

Linear  multivariable  control  synthesis with transfer  functions  appears to be 
feasible  and  practical. An output  response  synthesis  method  was  described  using 
two basic  equations  both  featuring  the  inverse of the  plant  transfer  function  matrix. 

The  plant  inverse  matrix is key  to  multivariable  transfer  function  synthesis. 
Its existence  assures  possibilities  for  plant  trackability  and  decoupling;  and,  in 
factored  form, it indicates  plant  zeros,  cancellations  and  potential  performance 
tradeoff to simplify  the  controller. 

Transfer  function  synthesis  builds  on classical transfer function  concepts, 
is easy  to  understand  and  contacts  modern  theory.  Features  include direct design of 
output  response,  cancellation  and  approximation  and  insight on response  adjustments 
to simplify  controller  dynamics.  The  possibility to include  both  sensitivity  specifica- 
tions  and  response  specifications  looks  promising  and is under  study. 

Transfer  function  synthesis is applicable to gas turbine  propulsion  system 
design. 
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Figure  11. 4 PSI P7 S t e p  

F igu re  1 2 .  50 Degree FTIT S t e p  
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ALTERNATIVES  FOR J E T  ENGINE CONTROL* 

Michael K. Sa in   and  R. Michael  Schaferfc* 
Un ive r s i ty   o f   No t re  Dame 

SUMMARY 

T h e   g e n e r a l   p u r p o s e   o f   t h e s e   s t u d i e s   h a s   b e e n   t o   e v a l u a t e   a l t e r n a t i v e s   t o  
l i n e a r   q u a d r a t i c   r e g u l a t o r   t h e o r y   i n   t h e   l i n e a r  case and t o  examine   nonl inear  
mode l l ing   and   op t imiza t ion   approaches   fo r   g loba l   con t ro l .   Con tex t   fo r   t he  
s t u d i e s   h a s   b e e n  set  b y   t h e  DYNGEN d i g i t a l   s i m u l a t o r   a n d   b y   m o d e l s   g e n e r a t e d  
f o r   v a r i o u s   p h a s e s   o f   t h e  FlOO Mul t iva r i ab le   Con t ro l   Syn thes i s   P rogram.   Wi th  
r e s p e c t   t o   t h e   l i n e a r   a l t e r n a t i v e s ,   s t u d i e s   h a v e   s t r e s s e d   t h e   m u l t i v a r i a b l e  
f requency  domain.   Progress   has   been made i n   b o t h   t h e   d i r e c t   a l g e b r a i c   a p -  
proach   to   exac t   model   matching ,   by   means   o f   s t imula t ing   work   on   the   bas ic  com- 
p u t a t i o n a l   i s s u e s ,   a n d   i n   t h e   i n d i r e c t   g e n e r a l i z e d   N y q u i s t   a p p r o a c h ,   w i t h   t h e  
development  of a new d e s i g n   i d e a   c a l l e d   t h e  CARDIAD method.  (The  acronym 
s t a n d s   f o r  Complex Accep tab i l i t y   Reg ion   fo r   DIAgona l   Dominance . )   Wi th   r e spec t  
t o   n o n l i n e a r   m o d e l l i n g   a n d   o p t i m i z a t i o n ,   t h e x p h a s i s - h a s   b e e n   t w o f o l d :   t o  

' d e v e l o p   a n a l y t i c a l   n o n l i n e a r   m o d e l s   o f   t h e  j e t  eng ine   and   t o   u se   t hese   mode l s  
i n   con junc t ion   w i th   t echn iques   o f   ma themat i ca l   p rog ramming   i n   o rde r   t o   s tudy  
g l o b a l   c o n t r o l   o v e r   n o n - i n c r e m e n t a l   p o r t i o n s   o f   t h e   f l i g h t   e n v e l o p e .  A h i e r -  
a r chy   o f   mode l s   has   been   deve loped ,   w i th   p re sen t   work   focused   upon   t he   pos -  
s i b i l i t y  of   us ing   tensor   methods .  A number  of these   models   have   been   used   in  
t i m e  o p t i m a l   c o n t r o l   s t u d i e s   i n v o l v i n g  DYNGEN. 

INTRODUCTION 

The decade   of   the  1970s  h a s   c o i n c i d e d   w i t h   t h e   b e g i n n i n g   o f   y e t   a n o t h e r  
round   o f   subs t an t i a l   deve lopmen t   i n   t he  j e t  e n g i n e   i n d u s t r y .  A n o t a b l e   f a c t o r  
i n v o l v e d   w i t h   t h i s   s t a g e   o f   m o d e r n   e n g i n e   e v o l u t i o n   h a s   b e e n   t h e   i n e v i t a b l e  
g r o w i n g   i n t e r e s t   i n   b e t t e r   a n d   b e t t e r   p e r f o r m a n c e ,   w h i c h   i n   t u r n   p l a c e d   m o r e  
and  more  demands  upon  the  appl icat ion  of  c lass ica l  hydromechanica l   cont ro l  
t e c h n i q u e  as t h e   p r i m a r y   b a s e   t e c h n o l o g y   f o r   e n g i n e   d e s i g n .   F o r t u n a t e l y ,  mile- 
s t o n e   d e v e l o p m e n t s   i n   d i g i t a l   h a r d w a r e   b e g a n   t o   o f f e r  real is t ic  o p p o r t u n i t i e s  
fo r   onboa rd   computa t ion   i n   ways   no t   he re to fo re   poss ib l e .  The combinat ion  of  
t h e s e  two e v e n t s   p o i n t e d   t h e  way t o  a c o n c e p t   o f   i n c r e a s i n g   t h e   r o l e   o f  elec- 
t r o n i c s   i n   e n g i n e   c o n t r o l .   I n   t u r n ,   t h i s   c r e a t e d  a v a r i e t y   o f  new p o s s i b i l i -  

*This  work w a s  s u p p o r t e d   i n   p a r t   b y   t h e   N a t i o n a l   A e r o n a u t i c s   a n d   S p a c e  Admini- 
s t r a t i o n   u n d e r   G r a n t  NSG-3048. 

**It is  a p l e a s u r e   t o   a c k n o w l e d g e   t h e  many h o u r s   c o n t r i b u t e d   b y   o u r   c o l l e a g u e ,  
D r .  R. J e f f r e y   L e a k e ,  who i s  n o   l o n g e r   a s s o c i a t e d   w i t h   t h i s   e f f o r t .  
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ties  for  application  of  recent  theories  of  control  design.  The  FlOO  Multivari- 
able  Control  Synthesis  Program  (ref. 1) sponsored  by  the  National  Aeronautics 
and  Space  Administration,  Lewis  Research  Center,  and  the  Air  Force  Aero-Pro- 
pulsion  Laboratory,  Wright-Patterson  Air  Force  Base,  is  a  major  example. In 
the  linear  case,  the  primary  tool  employed  was  linear  quadratic  regulator  (LQR) 
theory;  in  the  nonlinear  case,  optimal  control  methods  were  not  directly  ap- 
plied. 

The  purpose  of  these  studies  has  been  to  evaluate  alternatives  to  LQR  in 
the  linear  case  and  to  examine  nonlinear  modelling  and  optimization  for  global 
control  in  the  nonlinear  case. 

CONTEXT OF THE  STUDIES 

Evaluation  of  various  theories  for  control  alternatives  has  taken  place 
using  linearized  models  related  to  the  FlOO  Multivariable  Control  Synthesis 
Program  and  using  the  DYNGEN  digital  simulator  (ref. 2). DYNGEN  has  the  com- 
bined  capabilities  of  GENENG  (ref. 3 )  and  GENENG I1 (ref. 4 ) ,  together  with an 
added  capability  for  calculating  transient  performance.  The  DYNGEN  digital 
simulation  is  particularized  to a  given  situation  by a  process  of  loading  data 
for  the  various  maps  associated  with a given  engine.  The  maps  for  these  stu- 
dies  have  been  provided  by  engineering  personnel  at  Lewis  Research  Center. 
These  maps  correspond  to a  hypothetical  engine  which  is  not  closely  identified 
with  any  current  engine.  But  the  data  do  correspond  in a  broad,  general  sense 
to  realistic  two  spool  turbofan  engines.  The  simulation  provides  for  two  es- 
sential  controls,  main  burner  fuel  flow  and  jet  exhaust  area.  Portions  of  the 
envelope  which  can  be  used  for  linear  or  nonlinear  experimentation  are a  func- 
tion  of  the  convergence  properties  of  the  DYNGEN  algorithm  as  interfaced  with 
the given  engine  data  load. 

MULTIVARIABLE  FREQUENCY  DOMAIN  STUDIES 

Modern  studies  of  control  in  the  multivariable  frequency  domain  display 
various  faces  in  various  contexts.  Here  it  is  convenient  to  classify  these  as 
"direct"  or  "indirect". 

The  direct  approach  can  usually be recognized  by  its  attention  to  achie- 
ving  completely  specified  dynamic  performance.  The  idea  is  classical  (refs. 
5-6). In fact,  some  of  the  earliest  attempts  to  expand  the  direct  approach  to 
the multi-input,  multi-output  case  involved  work  with  jet  engines  (refs. 7-8). 
A s  is  apparent  from  reference 7,  there  is  an  unfailing  tendency to call  these 
methods  algebraic  in  nature.  That  tendency  persists  to  this  day,  when  direct 
approaches  in  multivariable  applications  typically  involve  solution  for  com- 
pensations  described  by  matrices  of  transfer  functions,  with  the  solutions of-  
ten  requiring  the  algebra of modules  over  rings  of  polynomials  or  stable  ra- 
tional  functions. 
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The  indirect  approaches are  usually  recognizable  by  their  relation  to  the 
classic  work  of  Nyquist.  Here  the  key  equation  is  often  written  in  the  manner 

where (s) is  the  closed  loop  characteristic  polynomial, (s) is  the 
open  loop  characteristic  polynomial, M ( s )  is  the  matrix  return  difference, 
and [ - I denotes  determinant.  This  very  fundamental  equation  permits an es- 
sential  generalization  of  the  classical  Nyquist  idea,  can  be  used 
to  characterize  the  exponentials  involved  in  closed l ~ ~ ~ ~ c o ~ f k - ~ ~ !  Basically, 
a Nyquist  plot of I M ( s )  I tends  to  contain  the  same  type of information  which 
proved so useful in classical  design. A great  deal  of  the  design  effort  cen- 
ters  upon  the  way  in  which  dynamical  compensation  affects  the  determinant 
which  acts on M ( s ) .  There  are  three  well  recognized  ways  to  study  this  ef- 
fect.  These  are (1) direct  construction of l M ( s )  by  any  of  the known meth- 
ods  for  determinant  calculation; (2) construction  of  the  eigenvalues of M ( s )  
as  a  function of s, and  use of the  idea  that  the  determinant  is  equal  to  the 
product of its  eigenvalues  (ref. 9 ) ;  and (3) design of compensation  so  that M ( s )  
is  approximately  diagonal,  with  concomitant  development  of a  relation  between 
the  Nyquist  plot  of I M ( s )  I and  plots  of  the  diagonal  elements  of M ( s )  , as 
in  reference 10. 

PCL 

THE  DIRECT  APPROACH 

With  regard  to  the  direct  approach, a  substantial  case  study of exact 
model  mathcing  (ref. 11) has  been  carried  out. 

The  exact  model  matching  problem  can  be  phrased  as  follows.  Let R ( s )  
denote  the  field  of  rational  functions  in s and  with  coefficients  from  the 
real  number  field R. Further,  let VI,  V2, and V 3  be  finite-dimensional 
vector  spaces  over  the  field R ( s ) .  Finally, let 

G1 : V2 -f V 3 

and 

G2 : V1 -t V 3 

be  given  linear  transformations on one  vector  space  to  another.  Then  the  ex- 
act  model  matching  problem  is  to  find  linear  transformations 

G : V  + V 2  1 

of vector  spaces,  if  they  exist,  such  that 

G G = G 2 .  1 

In a  control  problem, G1 and G2 are  functions  of  the  plant,  the  complete 
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c l o s e d   l o o p   s p e c i f i c a t i o n s ,   a n d   t h e   c o n f i g u r a t i o n   c h o s e n   f o r   t h e   c o n t r o l l e r .  
The  unknown G e m b o d i e s   t h e   d y n a m i c s   i n v o l v e d   i n   t h e   c o n t r o l l e r ,  relative t o  
a f i x e d   c o n f i g u r a t i o n   o f   c o n t r o l .  

The b a s i c   p l a n t  was a v e r s i o n   o f   t h e  FlOO t u r b o f a n   e n g i n e .   I n p u t s  were 
j e t  exhaus t  area and   ma in   bu rne r   fue l   f l ow;  states were f an  i n l e t   t e m p e r a t u r e ,  
m a i n   b u r n e r   p r e s s u r e ,   f a n   s p e e d ,   h i g h   c o m p r e s s o r   s p e e d ,   a n d   a f t e r b u r n e r   p r e s -  
s u r e ;   a n d   o u t p u t s  were t h r u s t   a n d   h i g h   t u r b i n e   i n l e t   t e m p e r a t u r e .  The l i n e a r -  
ized   model   approximated   the  small s i g n a l   b e h a v i o r   o f   t h e s e   e n g i n e   v a r i a b l e s  i n  
a neighborhood  of 47" PLA. 

I n s o f a r  as t h e   a u t h o r s  are p r e s e n t l y  aware, t h i s   s t u d y   r e p r e s e n t s   o n e   o f  
t h e   m o s t   e l a b o r a t e  exact m o d e l   m a t c h i n g   s t u d i e s   u n d e r t a k e n   t o   d a t e   i n   t h e  l it- 
e ra tu re .   Moreove r ,  i t  i s  e n t i r e l y   i n   t h e   s p i r i t   o f   t h e   i n t r o d u c t o r y  work i n  
r e f e r e n c e s  7-8. 

Techn ica l ly ,   t he   ma themat i ca l   f r amework  w a s  set up i n  terms of   polynomial  
modu les .   The   p rob lem  fo rmula t ion   i t s e l f   has   been   r eco rded   i n   r e f e rence  1 2 ,  
where i t  can  serve as a c o m p a r i s o n   p o i n t   f o r   f u t u r e   a l g o r i t h m s .  The computer 
a lgori thms  implemented were t h o s e   p r o m u l g a t e d   i n   t h e   l i t e r a t u r e  a t  t h a t  time 
( r e f .   1 3 ) .  

T h e s e   s t u d i e s   e s t a b l i s h e d  several b a s i c   c o n c l u s i o n s  r e l a t ive  t o   t h e   d i r e c t  
m e t  hod : 

( 1 )   t h e   d i r e c t   m e t h o d  w a s  o f   i n t e r e s t   i n  j e t  e n g i n e   c o n t r o l  
( i n d e e d ,   h a d   b e e n   p r o p o s e d   i n   i n d u s t r i a l   s t u d i e s ) ;  

( 2 )  t h e  j e t  e n g i n e   c o n t r o l   p r o b l e m s   t y p i c a l   o f   t h e  1970s were 
o f   s u f f i c i e n t   s i z e   a n d   c o m p l e x i t y   t o   o v e r t a x   t h e   r o u t i n e  
s o l u t i o n   p r o c e d u r e s   b e i n g   m e n t i o n e d   i n   t h e   l i t e r a t u r e  a t  
t h a t  t i m e ;  and 

(3) a s u b s t a n t i a l   i n f l u x   o f   i d e a s   f r o m   t h e   l i t e r a t u r e   o n  nu- 
merical m e t h o d s   w o u l d   b e   n e c e s s a r y   b e f o r e   t h e   d i r e c t  
method  could   be   appl ied   for  j e t  e n g i n e   c o n t r o l .  

It i s  a p l e a s u r e   t o   r e p o r t   t h a t   t h e s e   r e s u l t s   d i d   i n d e e d   l e a d   t o   t h e   d e -  
s i r e d   i n f l u x ,  s o  t h a t   c o m p u t a t i o n s   o f   s u f f i c i e n t   a c c u r a c y   c a n  now be made i n  
s e c o n d s .   E f f o r t s   i n v o l v i n g   t h e   d i r e c t   m e t h o d  are now b e i n g   d i r e c t e d  a t  t h e  
problem  of   making   convenient   spec i f ica t ions .  

THE INDIRECT APPROACH 

Though  some e f f o r t s   ( r e f .   1 4 )  were d i r e c t e d   t o w a r d   t h e   e v a l u a t i o n   o f   t h e  
e i g e n v a l u e   a p p r o a c h   ( r e f .  9)  t o  I M ( s )  I , t h e   m a j o r   a t t e n t i o n   u n d e r   t h e   i n -  
d i r e c t   a p p r o a c h   c l a s s i f i c a t i o n   i n   t h e s e   s t u d i e s  w a s  d i r e c t e d   t o w a r d   t h e   i d e a   o f  
designing  dynamical   compensat ion so as t o  make M ( s )  app rox ima te ly   d i agona l  
i n  a way t h a t  w o u l d   b e   u s e f u l   i n   N y q u i s t   s t u d i e s .  
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Because  of   the  indirect  way i n  which  compensation  has  an  effect   on I M ( s )  I , 
Nyquist   analysis   of  IM(s) I may be  of l i t t l e  u s e   t o   t h e   d e s i g n e r   f o r   o t h e r  
t han   s t ab i l i t y   de t e rmina t ion ,   fo r   even   t he   s imp les t   sys t ems .   In   t he   even t   t ha t  
M ( s )  is d iagona l ,   des ign   and   s t ab i l i t y   cons ide ra t ions  are reduced t o  a se t  of 
s ing le   i npu t ,   s ing le   ou tpu t   p rob lems ,   w i th   ne t   angu la r   behav io r  of I M ( s )  I be- 
ing a consequence  of summing the   i nd iv idua l   ne t   behav io r s  of t he   d i agona l  en- 
tries. 

Rosenbrock (ref.   10)  has  introduced  the  idea  of  diagonal  dominance,  which 
can  be  regarded as an  approximate  form  of  diagonality.  An mxm mat r ix  Z(s) 
over R ( s )  is s a i d   t o   b e   d i a g o n a l l y  column  dominant i f   f o r  a l l  s E D t h e  
Nyquist   contour  and  for i = 1 , 2 , . . . , m  

m 

Rosenbrock  shows t h a t ,   i f  a mat r ix  M ( s )  is d iagonal ly  column dominant,   the 
net   angular   behavior  of I M ( s )  I on D can  be  inferred from that   of   {mii(s)]  
on D. Thus t h e  class of mat r ices   for   which   des ign  and s t a b i l i t y   a n a l y s l s  may 
be  performed  on  only  the  diagonal  entries is expanded  from diagonal  matrices t o  
matrices  which are diagonally  dominant.  

E f f o r t s   i n   t h e s e   s t u d i e s   h a v e   f o c u s e d  upon  methods to  design  compensation 
in   o rde r   t o   ach ieve   d i agona l  dominance. 

The procedure  which  has  been  developed i s  c a l l e d   t h e  CARDIAD method,  where 
the  acronym s t a n d s   f o r  Complex Acceptabi l i ty   Region   for  DIAgonal  Dominance. 
The CARDIAD i d e a   c a n   b e v i s u a l i z e d  as follows, C o n s i d e r a u n i t y   n e g a t i v e   f e e d -  
back   conf igura t ion   wi th   the  mxm p l an t   ma t r ix  G ( s )  preceded by an mxm com- 
pensa t ion   mat r ix  K ( s ) ,  both  over  R(s).   Except  for  renumbering of i n p u t s ,  
the   des ign  of K ( s )  t o   ach ieve   d i agona l  dominance may be r e s t r i c t e d   t o  K ( s )  
ma t r i ces   hav ing   t he   un i t   t r ans fe r   func t ion  1 i n  each  main  diagonal   posi t ion.  
T h i s   f a c t  i s  an  easy  consequence of Rosenbrock ' s   de f in i t i on .   In   t he  CARDIAD 
approach, a s u f f i c i e n t   c o n d i t i o n   f o r  dominance i n   t h e   i t h  column of 

M ( s )  = I + G ( s ) K ( s )  

say,  a t  a pa r t i cu la r   f r equency  s E D ,  i s  expressed by a q u a d r a t i c   i n e q u a l i t y  
of the   type  

f . ( v )  = <v,Av> + <v,b> + c > 0 
1 

Here v i s  a v e c t o r   i n   t h e  real space , c o n s i s t i n g  of a l ist  of t h e  
real a n d   i m a g i n a r y   p a r t s   o f   t h e   o f f - d i a g o n a l   e n t r i e s   i n   t h e   i t h  column  of 
K(s) a t  the   pa r t i cu la r   f r equency  s E D < - , e >  is the   u sua l   i nne r   p roduc t ,  
A is  an   Hermi t ian   l inear  map, b E R2m-*, and c E R. A, b y  and c are 
func t ions  of G ( s ) .  

R2m- 2 

Seve ra l   d i f f e ren t   app roaches  are used  to   choose v so t h a t   f i ( v )  is  
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p o s i t i v e .   T h e s e  are d e s c r i b e d   i n   d e t a i l   b y  references 15-22.  References  15-17 
d e a l   p r i m a r i l y   w i t h   e n g i n e   m o d e l s   h a v i n g  two i n p u t s   a n d   t w o   o u t p u t s ;   r e f e r e n c e  
18 focuses   on  a t h r e e   i n p u t / o u t p u t  case; a n d   r e f e r e n c e s  6-8 t reat  f o u r   i n p u t /  
o u t p u t   s i t u a t i o n s .  

The b a s i c   i d e a   o f  a CARDIAD p l o t  i s  e a s y   t o   u n d e r s t a n d   i n   t h e  two i n p u t /  
o u t p u t  case. The compensa t ion   takes  a form 

L 

w h e r e   f o r  i = 1 , 2  

x : D + R  
i 

are t h e   f u n c t i o n s   d e f i n i n g   t h e  rea l  and   imag ina ry   pa r t s   o f   t he   o f f -d i agona l   en -  
t r ies i n  column i. The q u a d r a t i c   i n e q u a l i t y   c a n   b e  set  e q u a l   t o  i t s  l i m i t i n g  
v a l u e  

wh ich   de f ines  a c i r c l e  on R2 w i th   coord ina te s   (x i , y i ) .   Fo r  a p a r t i c u l a r  
s E D, a s o l i d  c i r c l e  i s  drawn  on R2 i f   ( x i , y i )   p a i r s   i n s i d e   t h e  c i r c l e  
s a t i s f y   t h e   i n e q u a l i t y ;   a n d  a dashed c i r c l e  i s  drawn  on R2 i f   ( x .   , y i )   p a i r s  
o u t s i d e   t h e  c i r c l e  s a t i s f y   t h e   i n e q u a l i t y .  A s  s traverses D ,  t tese c i rc les  
g e n e r a t e  a CARDIAD "p lo t"   on  R2.  The p l o t  i s  e s s e n t i a l l y  a set o f   r e q u i r e -  
men t s ,   i n   g raph ica l   fo rm,   wh ich  are n e c e s s a r y   a n d   s u f f i c i e n t   f o r   c o m p e n s a t o r  
d e s i g n   t o   a c h i e v e   d o m i n a n c e   i n   t h e   c o n f i g u r a t i o n   d e s c r i b e d   a b o v e .  

When m > 2 ,  v a r i o u s   a d d i t i o n a l   s t r a t e g i e s  are b rough t   i n to   p l ay .   These  
are  d e s c r i b e d   i n  some d e t a i l   i n   t h e   r e f e r e n c e s .  

NONLINEAR MODELLING AND OPTIMIZATION 

Wi th   r e spec t   t o   non l inea r   mode l l ing   and   op t imiza t ion ,   t he   emphas i s   has  
b e e n   t w o f o l d ;   t o   d e v e l o p   a n a l y t i k a l   n o n l i n e a r   m o d e l s   o f   t h e  j e t  engine  deck  and 
t o   u s e   t h e s e   m o d e l s   i n   c o n j u n c t i o n   w i t h   t e c h n i q u e s  of mathematical   programming 
i n   o r d e r   t o   s t u d y   g l o b a l   c o n t r o l   o v e r   n o n - i n c r e m e n t a l   r e a c h e s   o f   t h e   f l i g h t  en- 
ve lope .  The c o n t e x t   f o r   s u c h   s t u d i e s   h a s   b e e n   e s t a b l i s h e d   b y  DYNGEN, as de- 
sc r ibed   above .  

The f i r s t  method  of  modelling  which was c o n s i d e r e d  w a s  t h a t   o f   a n a l y t i c a l  
c o n s t r u c t i o n  of t h e   e q u a t i o n s   f r o m   t h e   b a s i c   p h y s i c a l   p r i n c i p l e s .   I n   t h i s  case, 
t h e r e  were s i x t e e n   n o n l i n e a r   d i f f e r e n t i a l   e q u a t i o n s ,  as w e l l  as a l a r g e  number 
o f   non l inea r  s ta t ic  func t ions   wh ich   p rov ided   add i t iona l   coup l ing  among t h e  
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." . . 

equat ions.  Such a procedure   then   requi res   de te rmina t ion  of p a r a m e t e r s   i n   t h e  
equat ions.  A number of  these  parameters  have  very  definite  physical   meanings,  
and  these  meanings were supplemented by s imula t ion   da t a  when appropr i a t e .  Ob- 
t a i n i n g   t r a c t a b l e   m o d e l s   f o r   t h e   e n g i n e   i n   t h i s  way, though  promising  from  the 
po in t  of view of p h y s i c a l   i n s i g h t ,   d i d   n o t   l e a d   t o   v e r y  much mathematical   in- 
s igh t .   Subsequen t ly ,   t he re fo re ,   t h i s  method  gave way t o   t h e   f o l l o w i n g .  

The second  method  of  modelling  placed  increased  emphasis  upon  the  mathe- 
matical s t r u c t u r e  of t he   equa t ions ,   w i th   de t e rmina t ion  of  parameters  being  done 
automatical ly   f rom  s imulator   data .  A h i g h l i g h t   o f   t h i s   p a r t  of t he   s tudy  w a s  
the  development  of  the  model class 

i = A(x)  (X-g(U)) 

where x E Rn, u E Rp. The func t ion  g is  arranged so as t o   s a t i s f y   t h e  set- 
p o i n t   o r   s t e a d y - s t a t e   f e a t u r e s  of the   engine   deck ,   whi le   the   opera tor  

A :  R n + R  n 

i s  u s e f u l   t o   a d j u s t   t h e   t r a n s i e n t   b e h a v i o r  of t he  model. The p a r t i c u l a r s  of 
t h i s   i d e a  w e r e  d e s c r i b e d   i n   r e f e r e n c e  23.  

A number of poss ib i l i t i e s   ex i s t   fo r   app roach ing   t he   approx ima t ion  of  A(x) 
and g (u ) .  One a d d i t i o n a l  method  and appl ica t ion   has   been   presented   in   re fe r -  
ence 2 4 .  

A t  t h i s   p o i n t   i n  t i m e ,  a new stage in   t he   non l inea r   mode l l ing   s tud ie s  i s  
b e i n g   i n i t i a t e d .   I n   t h i s   p h a s e ,   e x t e n s i v e   u s e  w i l l  b e  made of t he  methods of 
m u l t i l i n e a r   a l g e b r a ,   s p e c i f i c a l l y   t h e   t h e o r y  of a lgeb ra i c   t enso r s .  

Models of the  types  evolved  in  phases  one and two have  been  used i n  time- 
op t ima l   con t ro l   s tud ie s .   Resu l t s  of t hese   e f fo r t s   have   been   wr i t t en  down i n  
r e fe rences  25-27. 

CONCLUDING REMARKS 

This   br ief   paper   has   sketched a number o f   c o n t r o l   a l t e r n a t i v e s  which  have 
been   s tud ied   r ecen t ly   i n   t he   con tex t   o f   t he  DYNGEN d i g i t a l   e n g i n e   s i m u l a t o r  and 
of   l inear   models   der iving  f rom  the FlOO Mult ivar iable   Control   Synthesis   Pro-  
gram. I n   t h e   l i n e a r  case, these   s tud ies   have   focused  on a l t e r n a t i v e s   t o   t h e  
l i n e a r   q u a d r a t i c   r e g u l a t o r   t h e o r y  employed i n   t h a t  Program. I n   t h e   n o n l i n e a r  
case, emphasis  has  been  placed  on  nonlinear  modelling  and  t ime-optimal  control.  

P r inc ipa l   r e su l t s   r epor t ed   have   been   t he  case study  on  exact  model  match- 
ing,   which  has   s t imulated  considerable  new work i n   t h a t  problem area, t h e  de- 
velopment of t h e  CARDIAD p l o t  as  a des ign   t oo l   fo r   gene ra l i zed   Nyqu i s t  work, 
and the   i n t roduc t ion  of a nonlinear  model class which is p r o v i n g   t o   b e   h e l p f u l  
i n   r ecen t   eng ine   des ign   s tud ie s .  
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Present  thrust in this  work  is  toward  the use of  multilinear  algebra  for 
generalized  nonlinear  modelling. 

Finally,  the  reader  may  be  interested  in  the  fact  that  the  National  Eng- 
ineering  Consortium  sponsored an International  Forum on Alternatives  for  Linear 
Multivariable  Control  in  Chicago  during  October  1977.  Authors  in  that  meeting 
were  asked  to  address  a  Theme  Problem  based  upon  FlOO  data. Two publications 
resulted,  one  a  proceedings  and  one  a  hardbound  book.  Reference  23  is  to  the 
proceedings,  while  reference 18 is  to  the  book.  Much  additional  information 
may  be  found  in  those  volumes. 
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SUMMARY 

The  demand f o r   h i g h e r   p e r f o r m a n c e  l e v e l s  o f   t u rbo fan   eng ines   has  re- 
s u l t e d   i n   t h e   d e v e l o p m e n t   o f   i n c r e a s i n g l y   m o r e   s o p h i s t i c a t e d  air  b r e a t h i n g  
e n g i n e   d e s i g n   c o n f i g u r a t i o n s .  A s  the  performance  demands become  more re- 
s t r i c t i v e ,   t h e  number o f   m a n i p u l a t e d   i n p u t s   i n c r e a s e   i n   c o r r e s p o n d e n c e   w i t h  
t h e   i n c r e a s e   i n   t h e  number  of con t ro l l ed   ou tpu t s .   Thus ,   f rom a c o n t r o l  
sys t em  des ign   v i ewpo in t ,   t he   eng ine   mus t   be   t r ea t ed  as a mult i - input-mult i -  
ou tput   sys tem.  The c o n t r o l   d e s i g n  may then  proceed  using  modern  design 
m e t h o d o l o g i e s   i n   e i t h e r   t h e  t i m e  domain o r   i n   t h e   f r e q u e n c y   d o m a i n .  

I n h e r e n t   t o   a n y   s u c c e s s f u l   c o n t r o l   s y s t e m   d e s i g n  i s  t h e   r e q u i r e m e n t   t o  
a c c u r a t e l y   r e c o r d   o n - l i n e   e n g i n e   p e r f o r m a n c e   a n d   t o   r e l i a b l y   a c t u a t e   t h e  
c o n t r o l   i n p u t   s i g n a l s .  A f a i l u r e   o f   a n y   s e n s o r   o r   a c t u a t o r   u s e d  by t h e  
c o n t r o l l e r   c a n  l e a d  t o   s i g n i f i c a n t l y   r e d u c e d   p e r f o r m a n c e   l e v e l s .  The e x t e n t  
of t he   pe r fo rmance   r educ t ion  i s  de te rmined   by   t he   sou rce   and   t ype   o f   f a i lu re  
and  the  dependency of  the   des ign   methodology on t h a t   i n f o r m a t i o n .  

T r a d i t i o n a l l y ,   t h e   p r o b l e m  of s e n s o r / a c t u a t o r   f a i l u r e   h a s   b e e n   r e s o l v e d  
th rough   t he   u t i l i za t ion   o f   r edundan t   componen t s .  The f a i l e d  component was 
t h e n   e a s i l y   d e t e c t e d   u s i n g   s t a n d a r d   v o t i n g   p r o c e d u r e s .  A s  t u rbo fan   eng ine  
d e s i g n s  become  more  complex,  hardware  redundancy  becomes  more  impractical. 
With t h e   i n t r o d u c t i o n  of  o n - b o a r d   d i g i t a l   c o m p u t e r s   f o r   f l i g h t   c o n t r o l  
(F100  and QCSEE) hardware  redundancy may b e   r e p l a c e d   w i t h   a n a l y t i c a l  re- 
dundancy. 

For t i m e  domain c o n t r o l   p r o c e d u r e s   r e q u i r i n g   t h e   f u l l   s t a t e   v e c t o r   f o r  
c o n t r o l   a c t u a t i o n   t h e   r e s i d u a l s   o f   t h e  Kalman-Bucy f i l t e r  may be   examined   for  
"whiteness ."  If t h e  s ta t is t ics  a s s o c i a t e d   w i t h   t h e   r e s i d u a l s   d e p a r t   f r o m  
t h e   w h i t e   n o i s e   c o n d i t i o n ,   t h e n  a f a i l u r e  i s  dec lared .   Wi l l sky   and   Jones   [11  
u s e   t h i s   c o n c e p t   t o   d e v e l o p  a p r o c e d u r e   f o r   s e n s o r / a c t u a t o r   f a i l u r e   d e t e c t i o n  
u s i n g  a Genera l i zed   L ik l ihood   Ra t io  (GLR) h y p o t h e s i s  t es t .  S i n c e   t h e   s e n s o r  
d a t a  i s  u s e d   t o   g e n e r a t e  s ta te  estimates which are t h e n   u s e d  t o  r e c o n s t r u c t  
o u t p u t  estimates f o r   d e t e c t o r   e v a l u a t i o n ,   t h e  number o f   f a i l u r e  modes con- 
s i d e r e d   b y   t h e   d e t e c t o r  is l a r g e .   T h u s ,   d e t e c t i o n  time i n c r e a s e s   i n   d i r e c t  
p r o p o r t i o n   t o   t h e  number o f   f a i l u r e  modes c o n s i d e r e d .  
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I f   t he   f eedback   con t ro l   des ign   does   no t   r equ i r e  an estimate o f   t h e  
s ta te  vec to r ,  as i n  t h e  case of   the   Mul t ivar iab le   Nyquis t   Array  Method 
(MNA) [2,3] ,  t h e  Kalman f i l t e r  "model" of  the system is no  longer   required.  
Thus, the  '~ ' res iduals ' '   can  be  generated  by  comparing  the  sensor   outputs  
wi th  a similar set of outputs   genera ted  by an   accu ra t e   non- l inea r   s imu la t ion  
model.  The concept   of   the  GLR c a n   t h e n   b e   r e t a i n e d   t o   p r o v i d e  a r e l i a b l e  
e v a l u a t i o n   o f   s e n s o r   o r   a c t u a t o r   o p e r a t i o n   s i n c e   s e n s o r   o u t p u t s  are no  longer  
needed t o   p r o v i d e   d a t a  estimates. F igure  1 d iag rams   t he   p roposed   f a i lu re  
de tec t ion   procedure   us ing  a simulation  model.  

The development  of  the  proposed GLR d e t e c t o r   u s i n g  model r e s i d u a l s   u t i -  
l i z e s   t h e   f o l l o w i n g   a s s u m p t i o n s :  

A. The phys ica l   sys tem may be   non- l inear   wi th   ou tputs  
contaminated by zero-mean a d d i t i v e   w h i t e   n o i s e  of 
known i n t e n s i t y .  

B. The on-board d i g i t a l  computer is o f   s u f f i c i e n t  s l z e  f o r  
s t o r a g e  of t he   no i se - f r ee   non l inea r   s imu la t ion   o f   t he  
p l an t ,   t he   de t ec t ion   so f tware   and   t he   f eedback   con t ro l l e r .  

C.  The r e s i d u a l s  are zero  mean  when no f a i l u r e  ex is t s .  

D.  Under a f a i l e d   s e n s o r   o r   a c t u a t o r   t h e   r e s i d u a l s   h a v e  
non-zero mean. 

E. It i s  d e s i r a b l e   t o  estimate which   sensors   o r   ac tua tors  
f a i l e d ,   t h e   f o r m   o f   f a i l u r e   o c c u r r i n g   a n d   t h e  time 
t h e   f a i l u r e   o c c u r r e d .  

F. An obse rva t ion  "window" of f i n i t e   d i m e n s i o n  i s  t o  
b e   u s e d   f o r   f a i l u r e   d e t e c t i o n   t o   r e d u c e   s t o r a g e   a n d  
computat ional   requirements .  

G .  The set of f a i l u r e  modes i s  f i n i t e  and i s  known a 
p r i o r i .  

U t i l i z ing   t hese   r equ i r emen t s  a GLR d e t e c t o r  w a s  developed  for   hard-over  
f a i l u r e   c o n d i t i o n s   o f   t h e   f o l l o w i n g   t y p e :  

1. Actuator  s t e p  f a i l u r e s  

2 .  B r i e f   d i s t u r b a n c e s   i n   a c t u a t o r   o u t p u t  

3 .  S e n s o r   s t e p   f a i l u r e s  

For  each case a hypothes is  test was es tab l i shed   for   compar ison   wi th  
t h e   n u l l   h y p o t h e s i s  (.i .e.,  n o   f a i l u r e   c o n d i t i o n ) .  The GLR was formed,   data  
window wid ths   s e l ec t ed  f o r  low p r o b a b i l i t y   o f   f a l s e  alarms and c r o s s  de- 
t ec t ion .   Thresho ld   l eve l s  are then   es tab l i shed   f rom  these   requi rements .  
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The performance of the  proposed GLR method was evaluated by a p p l i c a t i o n  
t o   t h e   G e n e r a l   E l e c t r f c  QCSEE turbofan  engine [ 4 ] .  Using the   non- l inea r  
s i m u l a t i o n   f o r   t h e  under-the-wing  model  of QCSEE developed by Mihaloew [SI the 
output  sensor  measurements PS11, NL, NH, P12,  P4,  and T3  were cor rupted  by 
wh i t e   no i se   t o   r ep resen t   t he   phys i ca l   eng ine .  The ac tua tors   cons idered  
were those   a s soc fa t ed   wf th   t he   fue l   me te r ing   va lve   pos i t i on ,   f an   nozz le  area 
p o s i t i o n ,  and t h e   f a n   p i t c h  mechanism dr ive   motor   pos i t ion .  A d u p l i c a t e  
software  program w a s  u s e d   t o   r e p r e s e n t   t h e   p l a n t  model as i n d i c a t e d   i n  
F igure  1. 

For  the  appl icat ion  considered  here ,   the   62.5% of f u l l  power condi t ion  
w a s  used .   For   the   ac tua tor   and   sensor   fa i lure   condi t ions   c i ted   above ,   the  
GLR d e t e c t o r   a c c u r a t e l y   d i a g n o s e d   t h e   f a i l u r e   t y p e  and i d e n t i f i e d   t h e   f a i l e d  
component c o r r e c t l y  i n  every case. I n   a d d i t i o n ,   t h e  GLR d e t e c t o r   c o r r e c t l y  
i d e n t i f i e d   t h e  t i m e  a t  which t h e   f a i l u r e   o c c u r r e d .  A r e p r e s e n t a t i v e   p l o t  
of t h e  GLR index is presented   in   F igure   2 .  

To o b t a i n   t h e   d a t a  of F igure  2 ,  t h e  GLR index  for   each  actuator   and 
sensor  i s  computed f o r  a l l  assumed faT lu re  modes. A comparison  of a l l  
i n d i c e s  i s  made and the   l a rges t   i ndex  i s  s e l e c t e d  a t  each time s t e p  and 
p l o t t e d .   P r i o r   t o   t h e   a c t u a l   i n d u c e d   f a i l u r e  (K = 10) t h e  maximum GLR index 
i s  non-de f in i t i ve   s ince  no f a i l u r e   h a s   o c c u r r e d  and the  index  remains  below 
the   e s t ab l i shed   t h re sho ld  (E F 34) .  With  an  induced f a i l u r e   i n  P S l l  (.at 
K = 10) t h e   d e t e c t o r   c o r r e c t l y   i d e n t i f i e s   t h e   s e n s o r  and t h e   f a i l u r e  t i m e .  
The threshold  of E = 34 i s  e s t a b l i s h e d   p r i o r   t o  any test runs  and i s  s t r i c t l y  
a func t ion  of t h e   d a t a  window l eng th ,   t he   p re -e s t ab l i shed   p robab i l i t y  of a 
f a l s e  alarm, and the   covar iance  of t he   s enso r   no i se .  

REFERENCES 

1. 

2 .  

3 .  

4 .  

5. 

Willsky, A .  S . ,  and  Jones, H. L,, "A Gernal ized  Likel ihood  Rat io  
Approach to   the   Detec t ion   and   Es t imat ion  of Jumps in   Linear   Systems,"  
I E E E  Transac t ions  on  Automatic  Control, Vol. 2 1 ,  No. 1, February  1976. 

Rosenbrock, H. H . ,  Computer  Aided Control  Sys tem Design, Academic P res s  
(London) , 1974. 

Leininger ,  G .  G . ,  "New Dominance C h a r a c t e r i s t i c s   f o r   t h e   M u l t i v a r i a b l e  
Nyquist   Array,"   Int .   Journal  of Control ,  Vol. 3 0 ,  No. 3 ,  pp.  459-475, 
1979. 

QCSEE-Under The Wing Engine D i g i t a l   C o n t r o l  System  Design  Report, 
General Electric Company, NASACR-134920, January  1978. 

Mihaloew, J. R. ,  and Hart, C .  E . ,  "Real T i m e  D ig i t a l   P ropu l s ion  System 
Simula t ion   for  Manned Sfmulators ,  NASATM-78959, 1979. 

14 1 



A 
C 

t 
U 

a 
t 
0 
r 
9 - 

Plant  model L ”””””““”_ J 

B 
No fa i lure  

F i g u r e  1. - F a i l u r e   d e t e c t i o n   w i t h   p l a n t   m o d e l .  



300 

225 

150 

75 

I 
I 
I Actual  

I t h e  

I 
I 
I 
I 
I 
I 
1 

f a i l u r e  

I 

E = 34 

A 

t I I I I I I I I I 1 I b 
I 

0 
5 

0 

A 

0 

S t a t e   s t e p  

S t a t e  jump 

Sensor s t e p  

10 15 
k 

20 

Figure 2. - Maximum GLR i n d e x   f o r   s e n s o r - s t e p   f a i l u r e   i n  P S l l  as func t ion   of   observa t ion  
number. 





WORKSHOP AND OPEN  DISCUSSION 

A workshop  and  an  open  discussion were i n c l u d e d   i n   t h e  symposium. These 
sess ions   gave   each   a t tendee   the   oppor tuni ty   to   p resent   h i s  own views on p e r t i -  
nen t   r e sea rch   t op ic s   and   t o   he lp   d i r ec t   fu tu re   r e sea rch  i n  mul t iva r i ab le   eng ine  
con t ro l .  Each s e s s i o n  i s  descr ibed  here ,   and a summary of t h e   r e s u l t s  is 
presented.  

Workshop 

The workshop cons i s t ed  of groups  of 8 t o  10 people   sea ted  a t  s e p a r a t e  
t ab le s .  A chairman w a s  ass igned   to   each   group  to   l ead   the   d i scuss ion .  Group 
chairmen  included  Daniel  Drain,  John Zeller, John  Szuch, James S e l l e r s ,   P e t e r  
Ba t t e r ton ,  and  Bruce  Lehtinen  from  the L e w i s  Research  Center; L e s  S m a l l  and 
Charles   Skira   f rom  the A i r  Force Aero Propulsion  Laboratory;  and F. W .  Burcham 
from t h e  Hugh L.  Dryden Fl ight   Research  Center .  

A s  a guide   for   d i scuss ion  several t o p i c s  were dev i sed   fo r   t he  workshop. 
However, d i scuss ion  w a s  no t   necessa r i ly   t o   be   cons t r a ined  by these   t op ic s ,wh ich  
were 

(1) Rank the  fol lowing  theory areas in   o rder   o f   decreas ing   impor tance   to  
propuls ion   cont ro l :   nonl inear   op t imal   cont ro l   t echniques ;   sensor -ac tua tor   fa i l -  
u re  accommodation l o g i c ;  s y s t e m  iden t i f i ca t ion ;   mu l t iva r i ab le   f r equency  domain 
con t ro l  methods; adap t ive   con t ro l ;   mu l t iva r i ab le   con t ro l   t heo ry  (LQR, OFR, e t c . ) ;  
estimator  design;  and  nonlinear  engine  modeling.  Include  other areas i f  
appropr ia te .  

( 2 )  Do you f e e l   t h a t   t h e  FlOO MVCS c o n t r o l  methodology h a s b e e n s u f f i c i e n t l y  
demonstrated, i s  mature  enough,  and  presents  adequate  payoffs of j u s t i f y   i n c o r -  
p o r a t i n g   t h i s   c o n t r o l   s t r u c t u r e   i n t o   t h e   n e x t   g e n e r a t i o n  of  production  engines? 
What is the   mos t   s ign i f icant   t echnica l   o r   po l i t i ca l   p roblem  to   be  overcome i n  
the   success fu l   i nco rpora t ion  of t h i s   t e c h n o l o g y   i n  a production  system? 

( 3 )  Does a to ta l ly   in tegra ted   p ropuls ion   cont ro l   sys tem  (engine-a i r f rame-  
i n l e t )   g e n e r a t e  enough  payoff i n   m i l i t a r y  and  commercial a i r c r a f t   t o   j u s t i f y   t h e  
cos t   o f   t he  more s o p h i s t i c a t e d   c o n t r o l ?  What i s  t h e  most s i g n i f i c a n t   t e c h n i c a l  
o r   p o l i t i c a l  problem t o   b e  overcome i n   t h e   s u c c e s s f u l   i n c o r p o r a t i o n   o f   t o t a l   i n -  
t e g r a t i o n   i n t o  a production  system? 

( 4 )  What s i n g l e   t h e o r e t i c a l   a d v a n c e   o r   a p p l i c a t i o n  of new theory  can  most 
s ign i f i can t ly   advance   t he  s ta te  of t he  a r t  in   p ropuls ion   sys tem  cont ro l?  

(5)  NASA w i l l  develop a r e s e a r c h   a i r c r a f t   o v e r   t h e   n e x t  3 yea r s  as p a r t  o f  
t he  IPAC program. One of t h e  two eng ines   i n   t h i s   conve r t ed  F-15 a i r c r a f t  i s  t o  
be   con t ro l l ed  by a programmable  on-board d i g i t a l  computer. What is t h e  most 
s i g n i f i c a n t   r e s e a r c h   a p p l i c a t i o n   r e l a t i n g   t o   p r o p u l s i o n   c o n t r o l   f o r   w h i c h   t h i s  
a i r c r a f t   c a n   b e   u s e d ?  
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( 6 )  Can s ta te -of - the-ar t   adapt ive   cont ro l   t echniques   be   successfu l ly  ap- 
p l ied   to   engine   cont ro l   sys tems  to   min imize  loss of   per formance   in   the   face   o f  
component degradation  and  engine-to-engine  variation? 

(7) Given t h e   d i s t r i b u t e d   n a t u r e  of fu ture   engine   cont ro l   sys tems  and   the  
t rend  toward  engine-airframe  integrat ion,  how many of the   engine   cont ro l   sys tem 
funct ions   can   be  moved o f f   t he   eng ine?  

Comments of t h e   p a r t i c i p a n t s   i n   t h e  workshop were summarized  and  recorded by 
each  chairman. The fol lowing is a compilat ion  of   these  recorded comments. 

Group one  dispensed  with  the  questions  and  discussed (1) the   matur i ty   o f  
mu l t iva r i ab le   t echn iques   fo r   t he   des ign  of   engine  controls ,  (2) the  adequacy  of 
present ly   ava i lab le   models   for   p ropuls ion   sys tems,   and  (3) the  problem  of air- 
frame - propuls ion   sys  t e m  i n t e g r a t i o n .  

A mature   cont ro l   des ign   technique  was de f ined   t o   be  a technique w e l l  
enough  understood i n  terms of i t s  use fu lness   and   l imi t a t ions   t ha t  a p o t e n t i a l  
u se r  would not   be  deterred  f rom i ts  use .  A u n i v e r s i t y   r e p r e s e n t a t i v e   s t a t e d  
tha t   bo th   t he  time-  and  frequency-domain  multivariable  techniques are by t h i s  
def ini t ion  I fmature ."  However, t h e r e  i s  much s t i l l  t o   b e  done i n  frequency- 
domain techniques  a l though  they a re  usable  today. An i n d u s t r y   r e p r e s e n t a t i v e  
from a "control   house"  did  not   agree  and  said  that   they are n o t  now us ing  
frequency-domain  methods  and w i l l  p robably   no t   be   in   the   near   fu ture .  

There w a s  almost unanimous  agreement on the  modeling  problem.  Adequate 
methods  of desc r ib ing   t he   eng ine   p rocess ,   e spec ia l ly   fo r   con t ro l s   ana lys i s  and 
design,  are lacking .   This  area needs work. 

It w a s  agreed   tha t  a major management ( p o l i t i c a l )  problem e x i s t s   i n   t h e  
i n t e g r a t i o n   o f   a i r c r a f t   p r o p u l s i o n   c o n t r o l s   f o r  manned a i r c r a f t .  A representa-  
t i v e  from the   d rone   and   remote ly   p i lo ted   vehic le  area s a i d   s u c h   i n t e g r a t i o n  is 
common practice wi th   these   types   o f   vehic les .  However, i n  terms of manned a i r -  
c r a f t  someone  must look a t  t h e   t o t a l  problem  and set per formance   spec i f ica t ions  
for   the  propuls ion  system  and  a i r f rame.   This  is no t  now being  done  r igorously 
to   obtain  the  best   system  performance.  

Group two fo l lowed   t he   s e s s ion   t op ic s ,   w i th   t he   fo l lowing   r e su l t s :  

Topic 1 - Nonlinear  engine  modeling i s  t h e  most  important  theory area be- 
cause of i t s  importance  to  a l l  aspects  of  control.   Emphasis  should  be  placed 
on simplifying  complex,  nonlinear thermodynamic decks .   Rela ted   to   nonl inear  
modeling,  the  whole  problem  of  nonlinear  optimal  control  needs  to  be  addressed. 
Also, good  models are needed i n  any a p p l i c a t i o n  of  sensor  detection-accommoda- 
tion  methods. The g e n e r a l   f e e l i n g   e x i s t s   t h a t   a d e q u a t e   a t t e n t i o n  i s  being  paid 
t o   m u l t i v a r i a b l e   c o n t r o l  methodology  such as LQR ( l i n e a r   q u a d r a t i c   r e g u l a t o r )  
and  frequency-domain  methods. However, e s t ima to r s  are needed t o   i n c r e a s e  m i s -  
s i o n   r e l i a b i l i t y  and to   l ower   cos t s  by reducing   the  numbers of  sensors  and  sen- 
sor  redundancy.  Adaptive  control  payoffs do no t   war ran t   t he   i nc reased   con t ro l  
complex i ty ,   t he   d i f f i cu l ty  in c e r t i f y i n g   t h e   c o n t r o l ,  etc. Also, i t  was f e l t  
t ha t   cu r ren t   app roaches   t o   ac tua t ion  and servofeedback are adequa te   i n  terms of 
t o l e r a n c e   t o   f a i l u r e .  Areas of  importance are  f u e l   f l o w  and  compressor  geometry. 
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Topic 2 - The f e e l i n g  i s  t h a t  LQR is a small p a r t   o f   t h e   t o t a l  MVCS (mul- 
t i v a r i a b l e   c o n t r o l   s y s t e m ) .   I n   s p i t e  of MVCS modularity  and  systematic  regu- 
la tor   design,   problems  of   schedule   development   and  t ransi t ion  control   need  to  
be  addressed. The technique  could  be  appl ied as a t o o l   i n   f u t u r e   e n g i n e   c o n t r o l  
development, even f o r   a n  F l O O  type   o f   engine   and   espec ia l ly   for  a more  complex 
VCE (variable-cycle  engine).   Problems are foreseen  i n  demonstrating i t s  s u i t a -  
b i l i t y   i n  terms of debugging,  understandabili ty,   and  maintenance when compared 
with  current   systems.   Industry  needs  to  know more about  the  program  and  asso- 
ciated  problems , etc.  

Topic 3 - Payoffs  are expected i n  supersonic  and VTOL ( v e r t i c a l   t a k e o f f  
and   landing)   appl ica t ions   bu t   no t   in   commerc ia l   subsonic   t ranspor t s .   In tegra-  
t i on   o f   con t ro l   func t ions  is needed,   but   there  are p r a c t i c a l  problems  associated 
w i t h   i n t e g r a t i n g   t h e   h a r d w a r e .   R e l i a b i l i t y ,   f l i g h t   s a f e t y ,  and the   need   for  
c lose-coupled  sensors ,   actuators ,  etc. ,  w i l l  i n f l u e n c e   t h e   u s e  of d i s t r i b u t e d  
computers, etc. Development   of   s tandard  interfaces   and  data   buses   ( l ike  the 
MIL 1553) w i l l  a i d   i n   t h e   i n t e g r a t i o n  of control   systems.   Although  there  is a 
real p o l i t i c a l  problem i n   s h a r i n g   r e s p o n s i b i l i t y   f o r   s y s t e m   i n t e g r i t y ,   e x a m p l e s  
were g iven   where   t o t a l   i n t eg ra t ion   has  been  attempted,  such as i n  weapon SYS- 
tems (unmanned). I n   t h i s  case t h e   c o s t   f a c t o r  w a s  very  important .   Dispatch 
r e l i a b i l i t y   r e q u i r e m e n t s  w i l l  outweight   cost   benefi ts   and  performance  benefi ts  
i n  commercial   applications,   and  this  suggests  distributed-architecture  imple- 
mentat ions.  

Topic 4 - Nonlinear  modeling  theory w i l l  most s ign i f icant ly   advance   the  
state of t he  ar t  in   p ropuls ion   sys tems  cont ro l .  The emphasis  should  be  onmodel 
s i m p l i c i t y  and  accuracy. 

Topic 5 - Data communication  and c o n t r o l   i n t e g r a t i o n  are the  most s i g n i f i -  
can t   research   appl ica t ions   for   which   an  INTERACT (IPAC) program a i r c r a f t   c o u l d  
be  used. 

Topic 7 - It w a s  the   op in ion   of   the   g roup   tha t   very  few  of the  engine con- 
t r o l  system  funct ions  could  be moved of f   the   engine .  

Group th ree   d id   no t   fo l low  the   d i scuss ion   t op ic s   bu t   d i scussed   e l ec t ron ic  
con t ro l   moun t ing   l oca t ions   fo r   improved   r e l i ab i l i t y   and  F l O O  MVCS followon 
work. One ques t ion   r a i sed  w a s  t h e   r e l i a b i l i t y   o f  off-engine-mounted  electron- 
ics  as compared wi th  on-engine-mounted e l e c t r o n i c s .  The consensus  of  opinion 
w a s  t h a t  most  problems were with  qual i ty   control .   Extensive  burn-in tests a t  
the   manufac turer ' s   p lan t  were a must. A t y p i c a l   r e j e c t i o n  rate w a s  70 percent  
on t h e   f i r s t   p a s s .  The consensus  a lso w a s  t h a t   t h e  F l O O  con t ro l   l og ic   shou ld  
be  expanded to   i nc lude   a f t e rbu rn ing ,  mode s e l e c t i o n ,  expanded  performance con- 
s i d e r a t i o n s ,  etc. ,  r a t h e r   t h a n   f l i g h t   t e s t i n g   t h e  same log ic   a l r eady   eva lua ted  
i n  NASA's a l t i t u d e  test f a c i l i t y .  

Group four   fo l lowed  the   d i scuss ion   top ics :  

Topic 1 - P r i o r i t i e s  were assigned as most important ,  less important,  and 
least  impor t an t   t o   t he   d i f f e ren t   t heo ry  areas for   both  near- term and  long-term 
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a p p l i c a t i o n s .   F o r   t h e   n e a r  term, model ing   and   sys tem  ident i f ica t ion  were g iven  
h ighes t   p r io r i ty .   Mul t iva r i ab le   con t ro l   des ign ,   bo th   i n   t he   f r equency   and  time 
domains, w a s  given lesser p r i o r i t y ;   e s t i m a t i o n   a n d   f a u l t  accommodation were des- 
igna ted  as least important .  Most important   long-term  appl icat ions were selec- 
t e d  as adapt ive   and   nonl inear   cont ro l .  

Topic 2 - Work i n  t h e  FlOO MVCS e s t a b l i s h e d  a va luab le  benchmark, a l though  
more  work i s  d e f h i t e l y   r e q u i r e d .  Two approaches   t o   ex t end ing   mu l t iva r i ab le  
c o n t r o l  work were cons idered ,   g iven  a f i x e d   l e v e l   o f   r e s o u r c e s .  A narrow  ap- 
proach  would  be  to   pursue  one  approach  ( the FlOO MVCS, e.g.) as f a r  as p o s s i b l e  
wi.th the   ava i l ab le   r e sources .   P robab ly  its l o g i c a l   c o n c l u s i o n  would be a f l i g h t  
test. A broad  approach  would  look a t  a wide   va r i e ty   o f   t echn iques ,   p i ck   t he  
bes t ,   and   t hen   p roceed .   In   t h i s  case resources   p robably  would n o t   b e   a l l o c a t e d  
t o  a f l i g h t .   T h e r e  is a gene ra l   need   fo r   an   eng ine   t e s tbed   ( s imi l a r   t o   t he  
FlOO MVCS s i m u l a t i o n )   t h a t  is a c c e s s i b l e   t o  many f o r   e v a l u a t i o n   o f   c o n t r o l t e c h -  
n iques .   F ina l ly ,  it w a s  s t a t e d   t h a t   t h e r e  is a need   fo r  a f l i g h t  test of new 
c o n t r o l   t e c h n i q u e s   i n   o r d e r   f o r   t h e s e  new t e c h n i q u e s   t o   b e g i n   t o   b e   a c c e p t e d  
p o l i t i c a l l y .  

Topic 3 - It w a s  f e l t   t h a t   t h e  answer w a s  appl ica t ion   dependent .   For  com- 
mercial a i r l i n e   a p p l i c a t i o n s   c o n t r o l s   i n t e g r a t i o n  i s  not   necessary   bu t   p rovides  
some payoff .  However, i n  a VSTOL a p p l i c a t i o n   a i r f r a m e  - propuls ion  system con- 
t r o l s   i n t e g r a t i o n  is a n   a b s o l u t e   n e c e s s i t y .  A number of small app l i ca t ions -  
and-benefits   studies  have  been  done,  but  most are propr ie ta ry .   There  i s  a need 
f o r  a broad  look a t  t h i s   t o p i c   a n d   f o r   t h e   r e s u l t s   t o   b e  made a v a i l a b l e   t o  a l l  
i n t e r e s t e d   p a r t i e s .  A p o l i t i c a l  problem  would arise when dec id ing  who is re- 
s p o n s i b l e   f o r  what con t ro l   ac t ion .   Th i s  becomes a management problem.  Also, 
i t  must   be  decided  what   the  interface mechanism is  f o r   t h e   a i r f r a m e  manufac- 
t u r e r ,   t h e   e n g i n e  company, a n d   t h e   f l i g h t   c o n t r o l  company. The consensus  of 
opinion of t h i s   g roup  w a s  t ha t   t he   a i r f r ame   manufac tu re r  must t ake   ove ra l l   cha rge  
( a n d   t h e r e f o r e   o v e r a l l   r e s p o n s i b i l i t y ) .  

Topic 4 - The most   important   research  appl icat ion  of   an INTERACT (IPAC) 
a i r c r a f t  would be   an   i n t eg ra t ed  MVCS c o n t r o l   c a r e f u l l y   d e v e l o p e d   i n  a sequence 
o f   l o g i c a l   t e c h n i c a l   s t e p s .  

Topic 5 - Sta te -of - the-ar t   adapt ive   cont ro l   t echniques   cannot   ye t   be  ap- 
p l i ed   t o   eng ine   con t ro l   sys t ems .  

Group f ive   a l so   fo l lowed   t he   d i scuss ion   fo rma t :  

Topic 2 - With r e spec t   t o   t he   demons t r a t ed   ma tu r i ty   o f   t he  FlOO MVCS 
methodology, it w a s  f e l t   t h a t  a f l i g h t  tes t  of t h i s   t y p e   o f   l o g i c  would  be  very 
e f f e c t i v e  i n  g e t t i n g  management accep tance   and   a l so   i n   ge t t i ng   nonuse r s   i n   t he  
engine community to   u se   mu l t iva r i ab le   des ign   me thods .  The h igh   cos t   o f  a dedi- 
c a t e d   f l i g h t  t es t  f o r   o n l y  MVC makes i t  necessa ry   t ha t   t e s t ing   be   done  as p a r t  
of a program  such as INTERACT. There is a problem  wi th   the   p roper   d i sseminat ion  
of r e su l t s   o f   demons t r a t ion  tests to   po ten t i a l   u se r s .   Sys t em  s tud ie s   and  simu- 
l a t i o n  work w i l l  n o t   a s s u r e   t h e   t r a n s f e r  of new t echno logy .   F l igh t   t e s t s   have  
much more inf luence   in   demonst ra t ing   hardware .  
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Topics 3 and 4 - There is a need f o r   i n t e g r a t e d   c o n t r o l   f o r   s y s t e m s   u s i n g  
mixed-compression i n l e t s .   S e v e r e   i n t e r a c t i o n s   c a n   e x i s t   b e t w e e n   t h e   i n l e t ,   t h e  
a i r c r a f t ,  and the   engine .  The app l i ca t ion   o f  MVC l o g i c   t o   t h e  problem w a s  d i s -  
cussed. It  w a s  no t  clear t h a t  LQR would be  designed  for   complete   systems.  
Mul t iva r i ab le   con t ro l  is n o t   n e c e s s a r i l y   t h e  most s ign i f icant   p roblem  but   the  
one   d i scussed   w i th   r e spec t   t o   t he  INTERACT a p p l i c a t i o n  program. 

Open Discussion 

The open discussion  immediately  followed  the  workshop  and  served as a 
forum f o r   e a c h   a t t e n d e e   t o   d i s c u s s   t h e   r e s u l t s   o f   t h e  workshop w i t h   t h e   e n t i r e  
group. It w a s  f e l t  t h a t   t h i s   f o r m a t  would f a c i l i t a t e   t h e   a i r i n g   o f   m i n o r i t y  
opinions on any   g iven   top ic .   This   sec t ion   summar izes   the   t ranscr ip t   o f   th i s  
sess ion .  The summary does  not stress completeness  nor  the  r igorous  vord-for- 
word reproduct ion  of   individual   s ta tements .  It does,  however,  attempt t o  pro- 
v i d e   t h e   f l a v o r  of the   d i scuss ion   and   to  document t h e   i n t e r e s t i n g   o r   s i g n i f i -  
can t  comments. The d iscuss ion  was s t ruc tu red   t o   add res s   fou r   gene ra l   t op ic s  
(1) engine  models, ( 2 )  cont ro l   des ign ,  (3 )  i n t eg ra t ed   con t ro l ,   and  ( 4 )  expecta- 
t ions.  

Engine  models. - The emphasis w a s  on the   sophis t ica t ion   and   accuracy  re- 
qui red  of an  engine model  and the  uses   to   which  that  model  would be   pu t .  What 
level  of  modeling  accuracy is r equ i r ed   fo r   con t ro l   des ign?  A k a ,  how should 
these  models  be  determined?  Particular  importance w a s  a t t a c h e d   t o   s i m p l i f i e d ,  
nonl inear   s imulat ions  and  the  techniques  or   theory  required  to   generate   these 
accu ra t e  y e t  simple  models. I t  was f e l t   t h a t   t h i s  w a s  an   impor tan t   s tep   for  
f u t u r e   f a i l u r e  accommodation  work. The ques t ion   a l so   a rose  as t o  how a re- 
searcher  who i s  no t   d i r ec t ly   connec ted   t o  an  engine  manufacturer  can  get  access 
t o  a real, o r  a t  least  p l aus ib l e ,   eng ine   d ig i t a l   s imu la t ion .  Such a s imula t ion  
would inco rpora t e   de t a i l ed   s t eady- s t a t e  and t r ans i en t   cha rac t e r i s t i c s   and   shou ld  
include  sensor   and  actuator   models  as w e l l .  It w a s  po in t ed   ou t   t ha t  a common 
s i m u l a t i o n ,   a v a i l a b l e   t o  a l l ,  would be a good b a s i s   f o r  a round-robin  competi- 
t ion   to   eva lua te   var ious   t echniques   in   engine  model i d e n t i f i c a t i o n   o r   c o n t r o l  
design. I t  would  be a good v e h i c l e   t o   d e m o n s t r a t e   p o t e n t i a l   b e n e f i t s  from  more 
s o p h i s t i c a t e d   c o n t r o l   s t r a t e g i e s .  

With respec t   to   engine  model i d e n t i f i c a t i o n ,   s e v e r a l   i n t e r e s t i n g   i d e a s  
were discussed.  Given t h e   n a t u r e  of  complete  demonstrator  engines  like QCSEE 
or a VCE or   even  the FlOO engine  during  the  engine  development  process,  good 
engine  models are n o t   a v a i l a b l e  a t  t h e  time the  engine i s  f i r s t   p u t  on a test-  
bed. Also, most  of t h e   d a t a   t a k e n   d u r i n g   t h e s e   i n i t i a l   e n g i n e  tests are not  
compatible  with  improving  or  modifying  the  engine model fo r   t he   nex t   eng ine  
test. A s  a r e s u l t   c o n t r o l s   e n g i n e e r s  are t y p i c a l l y   o n e   o r  two engine   bu i lds  
behind  because  they do not  have a s imula t ion   t ha t   ma tches   t he   cu r ren t   eng ine  
bu i ld .   Iden t i f i ca t ion   t echn iques ,  however, could  be  used  to  develop  an  auto- 
mated p rocedure   t o   gene ra t e  improved,  updated  models  from test da ta .  Such an  
automated  procedure  would  require a minimum of   addi t iona l   dedica ted  test time. 
The i d e n t i f i e d  model  could  then  be  used  in  place  of a d e t a i l e d ,   n o n l i n e a r  simu- 
l a t i o n   f o r   c o n t r o l   d e s i g n .  

It w a s  ment ioned  that   controls  work t y p i c a l l y   r e c e i v e s  a low p r io r i ty   du r -  
i n g   i n i t i a l   e n g i n e  tests. Generally,   because of the   h igh   cos t  of engine tests, 
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e n g i n e e r s   t r y   t o   " g e t   o f f "   t h e   e n g i n e   a n d   g o   t o  a closed-loop  bench test as 
soon as p o s s i b l e .  It is v e r y   d i f f i c u l t   t o   j u s t i f y   d y n a m i c   t e s t i n g   v e r s u s  
s t eady- s t a t e   pe r fo rmance   t e s t ing   because   o f   eng ine  test c o s t s .   A d d i t i o n a l l y ,  
exper imenta l   engines  are t r e a t e d   v e r y   c a r e f u l l y ,   a n d   e n g i n e   i n p u t s   w o u l d   b e  
s e L e r e l y   c o n s t r a i n e d   i n   a n y   i d e n t i f i c a t i o n  test. There is a cont inuing   need   on  
t h e   p a r t  of t h e   c o n t r o l s  community t o   f i g h t   t h e   b a t t l e   w i t h  management f o r  
h i g h e r   p r i o r i t y  test time d u r i n g   e n g i n e   t e s t i n g .  

An a l t e r n a t i v e   p o i n t   o f   v i e w  w a s  expressed   about   engine   model ing .  Con- 
t r o l s   d e v e l o p m e n t  is  n o t   c o n s t r a i n e d .   T h a t  is ,  o n e   c a n   a d j u s t   c o n t r o l   g a i n s  as 
the   eng ine   evo lves .   Th i s   app roach  is i n c o n v e n i e n t ,   b u t  i t  d o e s   n o t   r e s u l t   i n  
poor   con t ro l   sys t ems .   The re fo re  i t  may not   be   necessary   to   have   100-percent -  
accu ra t e   mode l s   s ince   con t ro l   ga in   accu racy   compromises  are  always made d u r i n g  
t h i s   e v o l u t i o n a r y   p r o c e s s .  A model   wi th ,   for   example ,  90 p e r c e n t   a c c u r a t e   p r e -  
d i c t i o n   o f   t r e n d s   w o u l d   b e   a d e q u a t e   b e c a u s e ,   r e g a r d l e s s   o f   t h e   s o p h i s t i c a t i o n  
of t he   con t ro l   compute r   s chedu le   and   b i a s ,   compromises  are made when implement- 
i n g  a c o n t r o l .  Thus a n a l y t i c a l l y   d e r i v e d   m o d e l s  are a d e q u a t e   f o r   c o n t r o l   w o r k .  
T h i s   p o i n t  w a s  q u e s t i o n e d  as n o t   u n i v e r s a l l y   t r u e   o r  a t  least n o t   u n i v e r s a l l y  
agreed  upon. It  was f e l t ,  h o w e v e r ,   t h a t   i d e n t i f i c a t i o n   t e c h n i q u e s   w o u l d   b e u s e -  
f u l   o r   e v e n   r e q u i r e d   f o r   i n t e g r a t e d   c o n t r o l   s y s t e m s   t o   d e v e l o p   t o t a l   s y s t e m  
t r e n d s .   A l s o ,   i d e n t i f i c a t i o n   w o r k   f o r   f a i l u r e   a c c o m m o d a t i o n   o r   e n g i n e c o n d i t i o n  
m o n i t o r i n g   r e q u i r e s  a good r e f e r e n c e   ( d e t a i l   a n d   a c c u r a t e   s i m u 1 a t i o n ) u p o n w h i c h  
t o   b a s e   s i m p l i f i c a t i o n s .  

Con t ro l   des ign .  - G e n e r a l l y   t h e r e  was l e n g t h y   d i s c u s s i o n   o n   t h e   r e l a t i v e  
m a t u r i t y   o f   t h e  FlOO MVCS c o n t r o l  (LQR) methodology as a p p l i e d  t o  engines .  The 
d i s c u s s i o n   f i r s t   a d d r e s s e d  a d e f i n i t i o n   o f   m a t u r i t y .  One d e f i n i t i o n   d e s c r i b e s  
a ma tu re   des ign   t echn ique  as o n e   t h a t  a c o n t r o l s   d e s i g n e r   c o u l d   u s e   w i t h   c o n f i -  
dence   t o   deve lop  a p r a c t i c a l   c o n t r o l .   T h a t  i s ,  a d e s i g n e r   c o u l d   b e   c o n f i d e n t  
t h a t   h e   c o u l d   a r r i v e  a t  a n   a c c e p t a b l e   c o n t r o l   d e s i g n   w i t h   t h i s   t e c h n i q u e .  
Another commented t h a t   t h e  Government  (Air  Force  and Navy) p laces   emphas is   on  
t h e   f l i g h t   d e m o n s t r a t i o n   o f   e n g i n e s   t o   d e m o n s t r a t e   m a t u r i t y   b e f o r e  a commit- 
ment t o  a major   development   program.  Fromthis   point   of  view a d e s i g n  te'c71 i q u e  
is n o t   m a t u r e   u n t i l  a f l i gh t   demons t r a t ion   o f   t he   ha rdware   imp lemen t ing  s ch a 
c o n t r o l   d e s i g n .  It  was po in ted   ou t ,   however ,   t ha t   demons t r a t ion   o f   t he  I S  
approach w a s  b a s i c a l l y  a demons t r a t ion   o f   so f tware .   A l so ,   t he re  i s  g r e a k   d i f -  
f i c u l t y   i n   j u s t i f y i n g  a f l i g h t  test t o  demons t r a t e   so f tware   a lone .  

Another  viewpoint w a s  t h a t   r e g a r d l e s s  of t h e   d e f i n i t i o n   o f   m a t u r i t y   t h e  
real  i s s u e  was t h e   p r a c t i c a l   u s e   o f   t h e   t e c h n o l o g y   i n  a p roduc t ion   eng ine .  The 
q u e s t i o n  now becomes   one   o f   t echnology  t ransfer   and  how t h e   t r a n s f e r  is b e s t  
accomplished.  Meetings  and  symposia are  i m p o r t a n t   i n   t h i s   r e g a r d ,   b u t  a clear- 
cu t   demonst ra t ion   o f   des ign   or   per formance   benef i t s  was s a i d   t o   b e   d e c i s i v e   i n  
t h e   a c c e p t a n c e   o f   t h e   t e c h n i q u e .   P o s s i b l e   b e n e f i t s  of t h e  MVCS approach   i nc lude  
f l e x i b l e   c o n t r o l  modes and a h i g h   d e g r e e   o f   c o n f i d e n c e   t h a t  a s u i t a b l e   d e s i g n  
c a n   b e   o b t a i n e d   i n  a r e a s o n a b l e  time. 

C o n c e r n i n g   m u l t i v a r i a b l e   c o n t r o l   s y s t e m   d e s i g n   i n  i t s  b r o a d e s t   s e n s e ,   t h e r e  
are two a l t e r n a t i v e   r e s e a r c h   a p p r o c h e s .   F i r s t ,   t h e r e   c o u l d   b e  a number  of small 
u n i v e r s i t y   g r a n t s   i n  a l i m i t e d  area with  long-term  payoff (10 t o  20 y r ) .  Set- 
ond,   there   could  be a l a r g e - s c a l e   e f f o r t   t o   d e v e l o p  a p r a c t i c a l   m u l t i v a r i a b l e  
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c o n t r o l   d e s i g n   f o r  a spec i f i c   eng ine ,   w i th  a short-term (5 t o  10 yr )   payoff .  
Payoff   impl ies   tha t   the   approaches  become understood  and  accepted  pract ice  by 
the  engine  and  controls   manufacturers   and  eventual ly   resul t   in  a product ion ap- 
p l i c a t i o n .  The t r ans i t i on   o f   t h i s   t echno logy  w i l l  be   acce le ra t ed  by t h e  compet- 
i t i v e  n a t u r e  of the  engine  development   and  acquis i t ion  process   i f ,   and  only if, 
an  approach  demonstrates  an  advantage  over  existing  techniques.   This  advantage 
could  be a more order ly ,   s tep-by-step  design  procedure  that   a lways  yields   an 
a c c e p t a b l e   c o n t r o l   o r   t h e   a b i l i t y   t o  improve overall   system  performance. 

Although  most  at tendees  agreed  that   the F l O O  MVCS design  procedure w a s  
mature  enough t o   u s e   i n  a p r a c t i c a l   s e n s e ,   t h e r e  was less agreement as t o   t h e  
r e l a t i v e   m a t u r i t y  of mul t ivar iab le   f requency   response   t echniques .   In   th i s  re- 
gard a complete  comparison of frequency-domain  techniques t o   t h e  FlOO MVCS con- 
t r o l  w a s  suggested.   Since  the F l O O  MVCS con t ro l   has  been  thoroughly  evaluated 
on a real-time, hybr id   s imula t ion ,   and   s ince   th i s   cont ro l   subsequent ly  w a s  
t e s t e d  i n  a n   a l t i t u d e  test f a c i l i t y  and  gave good agreement  with  simulated re- 
s u l t s ,   t h e  F l O O  hybr id   s imula t ion  w a s  cons ide red   an   i dea l   t e s tbed   fo r   t he  com- 
par ison.  It w a s  pointed  out ,  however, that   such a test  would requi re   personnel  
a l ready  commit ted  to   other   projects .   Al ternat ives  were explored,   including  the 
use  of   the  QCSEE s imula t ion  as an   equiva len t   t es tbed .  A f i n a l  comment  made i n  
t h i s  area r e l a t e d   t h e   d i f f i c u l t y   o f   c o n v i n c i n g  management t o   a l l o w   d e s i g n e r s   t o  
apply  advanced  multivariable  techniques  to  control  problems. It w a s  pointed 
out,  however,  that management genera l ly  would not   spec i fy   the   des ign   technique  
t o  be  used.  Rather a designer  would b e   f r e e   t o   c h o o s e   h i s  own technique.  Man- 
agement   would   s imply   requi re   jus t i f ica t ion   in   th i s   se lec t ion .  

In t eg ra t ed   con t ro l .  - This   t op ic   conce rns   t he   i n t eg ra t ion  of  propulsion- 
a i r f rame- in le t   cont ro l   sys tems  in to  a s ingle   system. One opinion was t h a t  mul- 
t i v a r i a b l e   c o n t r o l  is su i t ab le   t o   t he   en t i r e   i n t eg ra t ion   p rob lem  bu t   t ha t  a t o t a l  
mu l t iva r i ab le ,   i n t eg ra t ed   con t ro l  i s  un l ike ly .   Inev i t ab ly   t he   i n t eg ra t ed  coria-ol 
would be  segmented t o  some ex ten t  a t  the   expense   o f   t o t a l   sys t em  in t eg ra t ion .  
A quest ion w a s  r a i s e d  as t o   t h e   n e c e s s i t y  of in tegra ted   sys tems.  Examples  of 
a i r c r a f t   t h a t   r e q u i r e   i n t e g r a t i o n  are VTOL and  high-performance  supersonic air- 
c ra f t   t ha t   can   demons t r a t e  severe i n t e r a c t i o n s  between individual   systems.  

The nex t   i s sue   d i scussed  w a s  t h e   a l l o c a t i o n  of con t ro l   t a sks   t o   va r ious  
pieces of hardware i n  an  integrated  system. One p o s s i b i l i t y  i s  an  a i r f rame- 
mounted c e n t r a l  computer  handling a l l  cont ro l   func t ions   inc luding   propuls ion  
cont ro l .   Another   poss ib i l i ty  is an   h ie rarch ica l   sys tem,   where   ind iv idua l  con- 
t r o l   t a s k s  are performed "at  t h e  site" and  communications are es tab l i shed   f rom 
t h e s e   o n - s i t e   c o n t r o l l e r s   t o  a master computer. The importance  of  removing  the 
control   e lectronics   f rom  the  harsh  engine  environment  w a s  mentioned.  Various 
l e g a l  and p o l i t i c a l   d i f f i c u l t i e s   i n  removing the   con t ro l   e l ec t ron ic s   f rom  the  
engine  environment were a l s o   d i s c u s s e d .   T h e s e   i n c l u d e d   e s t a b l i s h i n g   l i a b i l i t y  
i n   t h e   e v e n t  of a n   e n g i n e   f a i l u r e   a n d   o v e r a l l   r e s p o n s i b i l i t y   f o r   c o n t r o l   d e s i g n  
and  operation. It w a s  po in ted   ou t  by an   engine   manufac turer ' s   representa t ive  
t h a t ,  i n  t h e   f i e l d  of bus iness  je ts ,  economic f a c t o r s   h a v e   a l r e a d y   l e d   t o  some 
degree of i n t e g r a t i o n .  Four p a r t i c u l a r  areas were mentioned (1) off-engine 
mounting  of controls   into  an  environment  more su i tab le   for   computers ,  (2) a i r -  
c ra f t   i n t e rconnec t ing   cab l ing ,  (3) s e n s o r s   t h a t  are furnished by t h e   a i r c r a f t  
manufacturer,  and ( 4 )  i npu t   dev ices   t ha t   a r e   conso le  mounted. 
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Other e x a m p l e s   o f   s u c c e s s f u l   i n t e g r a t i o n   f o l l o w e d ,   p a r t i c u l a r y   i n  un- 
manned v e h i c l e s   l i k e   t h e   C r u i s e  missile. I n   t h i s  case an on-board,   sophisti-  
ca ted   computer   p rovides   naviga t iona l   and   gu idance   cont ro l  as w e l l  as weapons 
a rming   con t ro l .   Th i s   compute r   does   no t   con t ro l   t he   fue l   me te r ing   va lve ,  how- 
ever. The Cruise  missile w o u l d   b e   a n   i d e a l   c a n d i d a t e   f o r   s t u d i e s   i n   t o t a l   i n -  
teractive con t ro l   ( i nc lud ing   t he   fue l   va lve )   because   o f   t he  demands o f   t e r r a i n  
f o l l o w i n g   a n d   t h e   r e s u l t a n t   a i r f l o w   v a r i a t i o n s .  

A g e n e r a l   r e q u e s t  w a s  made f o r  more i n t e r a c t i o n   b e t w e e n   f l i g h t   c o n t r o l  de- 
s igners ,   a i r f rame  manufac turers ,   and   engine   cont ro l   des igners   to   has ten  work i n  
sys tem  in tegra t ion .  It was announced t h a t  NASA is planning a m a j o r   e f f o r t   i n  
av ion ic s   and   con t ro l s .  Some of t he   goa l s  w i l l  be   t he   eva lua t ion  of propuls ion  
c o n t r o l s ,   t h e   u s e   o f   d i g i t a l   e l e c t r o n i c s ,   a n d   t h e   s t u d y   o f   i n t e r a c t i o n   i n  VTOL 
a i r c r a f t  . 

Expectat ions.  - P a r t i c i p a n t s   i n   t h e   d i s c u s s i o n   s e s s i o n  were asked   to  com- 
ment  from t h e i r   p a r t i c u l a r   p e r s p e c t i v e  on t h e i r   e x p e c t a t i o n s   o f   t h e   r o l e s   o f  
u n i v e r s i t i e s ,   i n d u s t r y ,   a n d  Government. An indus t ry   representa t ive   encouraged  
u n i v e r s i t y   r e s e a r c h e r s   t o   c h a n n e l   t h e i r   r e s e a r c h   t o   d i r e c t l y   a p p l i c a b l e  work. 
Such  work should make f ewer   a s sumpt ions   and   be   d i r ec t ly   app l i cab le   t o  real- 
world  problems.   Another   industry  representat ive  wanted  responsible   report ing 
of  research.  This  would mean r e p o r t i n g   r e s u l t s   t h a t  are both good and  bad when 
they exis t  and   p re sen t ing   des i r ab le   r e su l t s   a long   w i th   t he   cos t s   r equ i r ed   t o  ob- 
t a i n   t h o s e   d e s i r a b l e   r e s u l t s .  H i s  expec ta t ions   o f   t he  Government included a 
runoff   compet i t ion  between  the FlOO MVCS (LQR) design  methodology  and  the mul- 
t ivar iable   f requency-domain  techniques on an   engine   t es tbed  (F100 s imula t ion ) .  

A u n i v e r s i t y   r e p r e s e n t a t i v e   a g r e e d   t h a t   u n i v e r s i t y   r e s e a r c h e r s  do not   have 
a good a p p r e c i a t i o n  of industry  problems  and  that  as a r e s u l t   t h e i r   r e s e a r c h  i s  
n o t   a p p l i c a b l e   i n   t h e   n e a r  term. The r e s p o n s i b i l i t y   o r   r o l e  of indus t ry   should  
b e   t o  communicate t o   u n i v e r s i t y   r e s e a r c h e r s  a knowledge of which   pro jec ts  are 
important  and  what  problems  they  would  l ike  to see s o l v e d .   I n   t h i s   r e g a r d  a 
tes tbed   s imula t ion   or   o ther   engine   model ing   in format ion   should   be  made ava i l -  
a b l e   t o   u n i v e r s i t y   p e o p l e .  

A second  un ivers i ty   researcher  saw h i s  own r o l e  as a broker  of ideas .  H i s  
j o b  is  t o   i n t e r p r e t   t h e   w e a l t h   o f   t h e o r y   t h a t  now e x i s t s   t o   h e l p   i n d u s t r y   u s e  
o r  reject those   theor ies ,   which  may apply  to   any  given  problem.  Industry  has  
t h e   o b l i g a t i o n   t o  "weed ou t "   t he  good and t h e  bad t h e o r i e s   t h a t  do apply.   In- 
dus t ry   seminars  are one  method t o  improve u n i v e r s i t y - i n d u s t r y   i n t e r a c t i o n s .  
Also, t h e  Government should   recognize   tha t  i t  requires   an  investment   of  time t o  
eva lua te  new ideas .  

A Government r e p r e s e n t a t i v e  saw Government's r o l e   w i t h   u n i v e r s i t i e s  as two- 
f o l d .   F i r s t ,   t h e  Government s h o u l d   e s t a b l i s h  a base   o f   un ive r s i ty   expe r t i s e  by 
funding  propulsion-related  research.  Second, NASA wants   to   develop  and  inter-  
es t  g radua te   s tuden t s   i n   p ropu l s ion   con t ro l .   I ndus t ry ' s   r e spons ib i l i t y  i s  t o  
ge t   the   p ropuls ion   cont ro l   p roblem  h igher   on   the  l i s t  o f  management p r i o r i t i e s .  
Also, i n d u s t r y   s h o u l d   j o i n t l y  work  on an   engine   t es tbed .  
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